UNIVERSITY OF ILLINOIS ENGINEERING EXPERIMENT STATION 
Bulletin Series No. 420 


THE INFLUENCE OF TEMPERATURE AND RATE OF STRAIN 
ON THE PROPERTIES OF METALS IN TORSION 


C. E. Work 
T. J. Dolan 


UNIVERSITY OF ILLINOIS BULLETIN 


aa 


eet tet ally dew ce 


ao 


A REPORT OF AN INVESTIGATION. 


Conducted by 


THE ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS 


In Cooperation with 
WRIGHT AIR DEVELOPMENT CENTER 
UNITED STATES AIR FOR 


Under 
Contract No. AF-33(038)-21587 


Price: One Dollar 


Soe OT a 


i 


UNIVERSITY OF ILLINOIS BULLETIN 


i rdaeng 51, Number 24; November, 1953. Published seven times each th by th é 
li Entered as second-class matt ter December 11, 1912, at the post office af Ueboe Te, is, 
mde the Act of "Aieua 24, 1912. Office of Publication, 207 Administration Building, Urbana, Tl. 


UNIVERSITY OF ILLINOIS ENGINEERING EXPERIMENT STATION 
Bulletin Series No. 420 


THE INFLUENCE OF TEMPERATURE AND RATE OF STRAIN 
ON THE PROPERTIES OF METALS IN TORSION 


CLYDE E. WORK 

formerly Assistant Professor 
of Theoretical and 

Applied Mechanics 


THOMAS J. DOLAN 
Professor of 
Theoretical and 
Applied Mechanics 


Published by the University of Ilunois, Urbana 


ABSTRACT 


An experimental study was made in order to determine the effect of 
temperature and rate of strain on the strength, ductility and energy 
absorbing capacity of seven different structural metals in torsion. Cylin- 
drical specimens 0.25 in. in diam were tested at four different constant 
strain-rates from 0.0001 in./in./sec to 12.5 in./in./see and at four differ- 
ent temperatures from room temperature up to 1200F. Two series of 
tests were conducted: (a) specimens were held at the test temperature 
for % hr before loading, and (b) specimens were given a 200-hr aging 
treatment at the test temperature before testing. 

Torque, angle of twist, and time were continuously recorded and the 
torsional properties determined. The detailed results are presented in 
three-dimensional charts and analyzed in terms of the mechanisms alter- 
ing the material behavior. In general, it was found that an increase in 
strain-rate caused an increase in strength, whereas an increase in tem- 
perature reduced the strength of all metals except in the blue-brittle 
temperature range for steel. Extremely great ductility was exhibited by 
some of the metals at the highest elevated temperatures employed, par-. 
ticularly at the slower rates of straining. The 200-hr aging treatment had 
no appreciable effect on the properties of most of the metals tested; 
significant changes were produced only in the aluminum alloys at 400F 
and 600F and in alloy steel at 1200F. 

The experimental observations were compared with several theories 
that have been proposed to express mathematically the effects of strain- 
rate and temperature on mechanical properties. By proper selection of 
empirical constants, several equations involving a general relation for 
flow stress or new parameters of a “temperature-modified” strain-rate or 
a ‘“velocity-modified” temperature were found to express approximately 
the variations obtained in mechanical properties. 
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I. INTRODUCTION 


1. Evaluation of the Mechanical Properties of Materials 

The ability of a structure or structural part in service to carry out the 
Tunction for which it is intended depends largely on the behavior of the 
material of which it is constructed. In order that the designer may have 
adequate information on the significant properties of the material, these 
must be determined by appropriate tests of samples of the material. 

What constitutes an appropriate test is not yet defined. Each test 
commonly used has both advantages and disadvantages, and it is not 
always certain how to extend results obtained under one limited set of 
‘conditions to include others. In the past it has been customary to accept 
the properties obtained in the ordinary static tension test as the most 
satisfactory criteria for evaluating the mechanical qualities of a material. 
Because of its simplicity and common usage, the tension test is used to 
predict the applicability of materials for a wide variety of uses, many of 
which involve more complex systems of stresses. Considerable doubt 
exists, however, as to whether any universal structural characteristics can 
be adequately appraised on the basis of observations of the properties 
when subjected only to a uniaxial state of stress. 
_ Many mechanical properties for which an evaluation is usually at- 
tempted fall in one of the following classes: elastic strength and stiffness, 
‘ductility, energy absorption, and maximum load carrying capacity. The 
elastic characteristics are most easily treated theoretically and until 
recently have received the most attention in tension test studies. How- 
ever, for studying the plastic and work-hardening characteristics of a 
‘metal, the tension test is inherently at a disadvantage because of the local 
‘necking which takes place. The only portion of the metal in the tension 
“specimen which is completely exhausted plastically is the material ad- 
jacent to the break. The final elongation, therefore, is a combination of 
large deformations in the necked portion and a limited amount of stretch- 
ing throughout the remaining portion of the metal which retains con- 
siderable capacity for deformation. This latter portion constitutes the 
largest part of the length. Furthermore, within the localized region where 
the fracture finally occurs, necking introduces a notch effect. accompanied 
by a complex three-dimensional stress system which changes continuously 
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as the necking progresses. This makes it difficult,t® *°)* if not impossible, 
to analyze the final fracture characteristics and relative work-harden- 
ability of different metals. 

In the torsion test many of these disadvantages are not present. The: 
dimensions of the specimen do not change appreciably during the test 
even to the point of fracture: thus the original dimensions of the specimen: 
are valid for analytical studies of strength and ductility. Deformation is: 
fairly uniform throughout the length of the test section. The absence of 
localized necking eliminates the continuously increasing notch effect with: 
its consequent localized three-dimensional stress system. Ductility as: 
determined by the angle of twist of the specimen involves general ex-. 
haustion of the plasticity along the entire gage length. The slope of the: 
stress-strain diagram in the torsion test is a better measure of the work-: 
hardenability of the material, since this slope is not influenced by major: 
dimension changes as in the tension test. 


2. Immediate Importance of Temperature and Strain-Rate Studies 

The behavior of a given material has been found to depend on ther 
mechanical operations carried out during fabrication, heat-treatment, 
stress history, and other factors such as the type of loading, state of 
stress, and environmental conditions. 

Two important parameters, rate of strain and temperature, are knowns 
to be interrelated and frequently vary simultaneously in service. Both 
have been investigated singly, but few studies have been wide enough 
in scope to include their combined effects. 

The current trend toward jet engines and rockets for propulsion of: 
guided missiles and military aircraft, and the extreme speeds developed, 
have introduced problems of elevated temperatures and severe suddent 
loading. Heat arising from skin friction and from the power plants is’ 
sufficient to produce elevated temperatures in wing and fuselage elements: 
which heretofore have operated well within the ordinary room tempera-: 
ture range. Because of the extreme urgency for rapid advance in this field 
investigation of these parameters is particularly timely; and since many) 
of the stress systems in surface and supporting elements are biaxial, 
torsion tests are especially appropriate. 


3. Object and Scope of Investigation 
In this project, prepared specimens of several metals were subjected tor 
a biaxial state of stress in torsion tests in order to investigate the effects 


of the two parameters, temperature and strain- rate, on their mechanical. 
properties. : 


* Numbers in parentheses refer to the references listed in the Bibliography. 
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The studies covered here included two steels, two aluminum alloys, 
one magnesium alloy and two titanium alloys. These metals represent 
three different classes according to crystal lattice structure, namely, body- 
eentered cubic for steels, face-centered cubic for the aluminum, and close- 
packed hexagonal for the titanium and magnesium. 

Four rates of torsional strain, differing by factors of 50 to 1, were 
selected to produce the following nominal rates of shearing strain for the 
specimens tested: 12.5, 0.25, 0.005 and 0.0001 in. per in. per sec. 

Torsion tests were conducted at room temperature and at three or four 

elevated temperatures for each metal. The elevated temperature levels 
were 200F, 400F and 600F for the aluminum and magnesium alloys and 
400F, 700F and 1000F for the steels and titanium. For the 4340 steel a 
set of tests was included also at 1200F. For one series of tests, specimens 
were heated to the desired temperature and then held at temperature for 
Y hr before each test began. A second series of tests is also reported for 
which specimens were given a 200-hr aging treatment in advance, at the 
same elevated temperature at which they were subsequently tested. 
_ The geometric details chosen for the torsion test specimen are shown 
m Fig. 1. Large radius fillets at the ends of the reduced section and a 
shght undercutting of the central portion were necessary to prevent the 
fracture from occurring outside the gage length. 


Fig. 1. Details of Torsion Test Specimen 


‘4. Review of the Literature 


a. General 
_ The technical literature contains reports on a multitude of investiga- 
tions and theories which contribute to an understanding of the influence 
exerted by rate of loading and by temperature on the behavior of struc- 
tural materials. Some of the papers which have appeared in the literature 
during recent years are listed in the Bibliography which is included at the 
end of this manuscript. For a more complete bibliography, see the refer- 
ence lists included in references 126 and 128. 

A large proportion of the studies involving a high rate of strain have 
been made in impact testing machines, and in some cases the energy ab- 
sorbed was the only property which could be measured. In impact tests 
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the effect of reduced temperature is particularly important, and for many 
metals it is possible to determine critical temperatures above which the 
fracture is ductile and energy absorption great and below which fracture 
is brittle and energy absorption low. Charpy notched-bar bending impact 
tests are easy to perform and have therefore been used frequently, but 
the complexities involved in interpreting the meaning of this type test 
subtract from its worth. 

In tension impact tests it is readily possible to obtain elongation and 
reduction of area to fracture in addition to energy, although it is not easy 
by mechanical methods of measurement to obtain data for complete 
stress-strain curves. Recently some investigators“®’ have been able, by 
means of oscillographic recordings, to study the load-time and load-strain 
relationships in high speed tests. 

The results from tension impact tests are often compared with the 
ordinary static tensile properties to determine the influence of rate of 
strain at room temperature. For elevated temperatures most experiments 
have been of the long-time creep-type test with constant load. A limited 
number of tests have been made in ordinary tensile testing machines at 
elevated temperatures and at rates of strain attained within the stand- 
ard machine speeds. ‘?? 

Since there is a certain correspondence between the effects of time and 
temperature,‘** theories have been developed * ®* 7? 129) to express the 
flow stress (usually defined as the “true” tensile stress) as a function of 
time or strain-rate, and the temperature, strain and certain other factors: 
In order to combine the time and temperature effects, such relations have 
been manipulated to provide expressions of strain-rate in terms of an 
equivalent temperature“® *® and temperature in terms of an equivalent 
strain-rate.@' 1° Most data in the literature which are applicable tc 
test these relationships are from creep-type tests, but they are generally 
expected to be valid also when they are applied to data obtained by 
more rapid loading. 

Because in the majority of applications materials are subjected to 
biaxial or triaxial states of stress,“ 7) considerable attention has beers 
devoted to developing means of translating data obtained under one state 
of stress into terms which correspond with data for the same materia. 
under a different state of stress. 

In addition to comparing ordinary tension and torsion tests to study 
the biaxial case, (31) ® 96, 107, 122) some investigators have subjected tubula 
specimens to combinations of tension and torsion or internal pressure tc 
set up other desired ratios of two principle stresses, (2% 5% 58, 83, 91, 111 
Graphs have been plotted of true stresses and strains in terms of thei 
so-called effective, generalized or significant values; in many cases, where 


Bul. 420. METALS IN TORSION 13 


anisotropy of the material was not significant,“* 122) general agreement 

between the flow curves for different states of stress has been reported. 

These generalized expressions are based on stress and strain invariants or 
the distortion energy principles. 

A very limited number of studies of these parameters have been re- 
ported®* °®) in which samples were tested in compression and a few in 
torsion.‘ 4? 7 68, 96) Of these, Itihara’s®”) work covers the widest range 
of variables including torsion tests of many materials, temperatures up 
to nearly 1200F, and strain-rates covering five orders of magnitude. 


b. Ferrous Metals 


In iron and steel, temperature and strain-rate probably have their 
most pronounced effect on the heterogeneous yielding and associated phe- 
nomena. Heterogeneous yielding, the upper and lower yield points,“* ™ 
6 118) time delay before plastic yielding,“®) yield point strain,“'®) blue- 
brittleness? °° 7) 76, 77, 9°) and Liiders lines“*® ™) have been observed to 
_ be sensitive to time and temperature effects. 

For the range of variables usually studied, investigators’® 1% 2% 4% 54 
87, 60, 78, 79, 86, 88, 105,112) have generally found that the tensile strength, 
yield point and the strain during yielding, increase with an increase in 
rate of strain or a decrease in temperature. For elevated temperatures, 
strength usually decreases after the blue-brittleness range is exceeded. 

Although lowering the temperature is usually considered to have an 
-embrittling effect, the opposite is frequently the case when evaluated in 
terms of elongation and reduction of area;‘* **) however, these measure- 
“ments are often erratic.“* 1” Increase in strain-rate has also been found 
to decrease elongation and reduction of area“ °°) for some ranges of 
speed but may have the opposite effect or none for other ranges.“ °% 1! 

The blue-brittleness temperature has been observed to be elevated for 
- higher rates of strain according to results of tests in torsion,” tension,®® 
- hardness, ‘*”) crushing, ®®? and bending. “4? 


cc. Aluminum Alloys 

A survey of the literature on low temperature properties of aluminum 
alloys’ shows general agreement concerning an increase in strength with 
decrease in temperature. Elongations reported for low temperature tests 
were generally as great or greater than those observed at room temper- 
‘ature. Values of reduction of area were reported less frequently but did 
not necessarily increase with increased elongation. Breaking energy in 
impact tests usually increased as temperature was reduced. Retention of 
ductility at low temperatures was attributed to the face-centered cubic 
lattice structure. 
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Strength of aluminum and its alloys decreases as the temperature is 
raised above room temperature.‘ °* °*) The decrease is quite sharp above 
400F, and at 600F the strength is very low. Ductility has been found to 
increase with temperature, and radical increases in elongation have been 
reported-above 400F.°” 

Roberts and Heimerl*®) report a hump in the yield strength vs 
temperature curve for compression with a slight increase near 400F. The 
yield strength of 24S-T, although lower than for 75S-T at room tempera- 
ture, was higher for temperatures of 400F and above. 

In general, some increase in tensile and yield strengths have been 
observed with increase in rate of straining.“’* 1 2% °° In some instances 
(12, 65, 114) very little increase or even a decrease in strength was observed 
for certain speeds of testing. Ductility and energy absorption have also 
shown increases with rate of strain,“ 1% % ®* 7 although in a few cases 
only a negligible change or a reverse trend has been reported.“* *° 


d. Magnesium Alloys 


Only a relatively few papers have reported studies of the effects of 
strain-rate or temperature on properties of magnesium alloys. Clark and 
Wood"® report increases of from 10 to 50 percent in tensile strength, 
elongation and energy absorption in dynamic tests as compared to statie¢ 
values for four magnesium alloys. According to tests by Piper,‘ the 
tensile strength and yield strength of FS-1 magnesium alloy decrease and 
elongation increases with increase in temperature. 


e. Titanium 


Even commercially-pure titanium contains sufficient quantities of other 
elements such as carbon, oxygen, nitrogen and hydrogen to produce me- 
chanical properties differing sharply from the really pure metal. Strength 
is higher and ductility less in the commercially-pure product than in the 
pure metal.“°*) Although still only in the early stages of development, 
titanium has received widespread publicity and attention. Only a few 
selected references are included in the Bibliography. For a more complete 
bibliography on titanium, see references 1, 21, 131 and 132. 

Titanium in its various commercially-pure forms and in early alloys 
has received particular attention in the moderately elevated temperature 
ranges. Because it is light in weight and yet maintains considerable 
strength up to 1000F, it offers considerable promise in replacing the other — 
light metals in aircraft elements in which operating temperatures exceed — 
room temperature. It has been shown 2°) that the strength and hard- 
ness of titanium decrease considerably with increase in temperature in 
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the entire useful range, and ductility and energy absorption in notched 
bar tests increase with increasing temperature. There is some reduction in 
stiffness as measured by the modulus of elasticity for higher temperatures 
_and an increase at low temperatures. 

Graphs of tensile properties vs temperature ™ 11 12% 127, 182) show 
that the static tensile strength of commercially-pure titanium at 1000F 
is about 20,000-30,000 psi‘!?* 2" 12) and for some of the alloys, 70,000 
_ psi.“*? At 400F where the strength of aluminum is essentially lost, the 
tensile strength of commercially-pure titanium is about two-thirds of its 
room temperature value; this ratio is considerably higher for the alloys 
of titanium. 

Exposure to elevated temperatures up to 1000F for periods up to 1000 
hours has no effect on the tensile properties which are determined at the 
> exposure temperature. ‘?” 

All forms of titanium respond readily to coldwork, and _ tensile 
strengths well above 200,000 psi are regularly obtained in this manner. “!2*) 

Coldworking is most effective in providing increased strength for opera- 

tion in the lower elevated temperature ranges, because even though 
the annealing temperature is usually considered to be from 1200F to 
1300F,°® considerable recrystallization and softening take place at 
1000F.“° The strength at 1000F is no greater for coldworked titanium 
than for the same alloy in the annealed condition. To achieve correspond- 
ing strengths there is more sacrifice of ductility in work hardening than 
in alloying. By these two methods, higher room temperature strength- 
weight ratios can be obtained with titanium than with any other metal. 

The effect of strain-rate on mechanical properties of titanium is not 
well known. Some creep and stress rupture data are available and some 
- impact tests have been made. 

Anisotropy in both bar?) and sheet forms ?*’ currently produced will 
make correlation between properties determined with different states of 
stress less consistent than for other metals. 

The ordinary stress-strain tests of titanium reported in most of the 
literature appear to show no sharp yield point, although the possibility 
of strain-aging is indicated by several associated phenomena. Fontana”? 
reports a yield point by drop of the beam in two titanium alloys and 
also reports S-N curves with sharp knees; Everhart®® presents a 
strength vs temperature curve with a hump around 800-900F. Elements 
such as oxygen, nitrogen and carbon are present in commercially-available 
titanium, and the presence of these elements is thought to be related to 
the sharp yield point and to the sharp knee commonly found in S-N 
diagrams for mild steel. 


Il. EXPERIMENTAL PROGRAM 


5. Description of Testing Equipment 
a. Mechanical Features of the Torsion Testing Machine 

The torsion testing machine that is shown in Fig. 2 is the mechanical 
apparatus for applying a twisting moment or pure torsional load to one 
end of a test specimen while holding the other end of the specimen fixed. 
A weighbar is utilized to measure the torque or twisting moment at any 
instant during the test. The right end of the specimen is clamped firmly 
in the torque weighbar. The right end of the weighbar is held rigidly to 
a supporting fixture. A loading arm A is attached to the left end of the 
specimen. The left face of this loading arm clears the face of the flywheel 
W by about % in. in the normal position. Two pins P extend out from 
the face of the flywheel to engage the loading arm or can be retracted to 
clear the loading arm as the flywheel rotates. The specimen and weighbar 
are aligned so that their centerlines coincide with the axis of rotation of 
the flywheel. 

The rate of strain in the specimen is controlled by the speed of the 
flywheel. A %-hp electric motor M, drives the flywheel through a series 
of gear reducers labeled R,, Rs, and R; in Fig. 2. The apparatus is set up 
to obtain the slowest of the four testing speeds used in this research and 
referred to as “first speed.” With this arrangement R, and R, each pro- 
vide a 50 to 1 reduction in speed, and R; reduces the speed by a ratio of 
67144 to 1. The three in series provide a reduction of 168,750 to 1 or 
roughly from 1750 rpm speed of the motor to 0.01 rpm of the flywheel. 

The next faster speed (second speed, 0.52 rpm flywheel speed) is ob- 
tained by removing reducer R, from the system and moving the motor up 
to drive reducer R, directly. For the third speed, R». also is removed, 
and reducer Rs is driven directly by the motor. Thus a flywheel speed 
of 26 rpm is produced in third speed tests. 

For the highest rate (fourth speed), the reducer R, and the coupling C 
are also removed, and an auxiliary motor M, is employed to accelerate 
the flywheel. The flywheel is driven through a friction pulley on the 
motor; the connection is maintained manually and is disconnected when — 
the flywheel reaches a speed slightly above the test speed. The flywheel | 
is then allowed to rotate freely until bearing friction and air resistance 
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eradually reduce its speed to the desired rate (1300 rpm in these tests). 
At this time a latch is tripped by solenoid § in Fig. 2, allowing the pins 
P to jump out. When extended, the flywheel pins engage the loading arm 
attached to the specimen and apply a sudden torsional load of high 
strain-rate to the specimen. 

In these high strain-rate tests, the speed of the flywheel shaft is meas- 
ured by matching the frequency of a signal generated by a magnetic 
pickup with the known frequency output of an audio-oscillator (“O” in 
Fig. 2). The magnetic field of the pickup is varied by special depres- 
sions machined in the face of a circular steel plate mounted in place of 
coupling C on the end of the flywheel shaft. This pickup generates six 
approximately sinusoidal impulses per revolution of the flywheel. This 
signal, fed into the horizontal sweep of a cathode ray oscilloscope, is 
matched with a signal of known frequency from the audio-oscillator fed 
into the vertical sweep. The desired speed is indicated by formation of an 
elliptical Lissajous figure on the screen of the oscilloscope. 

Specimens of the present design tested at 1300 rpm absorb energy at 
rates up to 11 hp, which exceeds the capacity of the driving motor (M,) 
used. In the mechanism as employed at this speed the inertia of the 
rapidly rotating flywheel loads the specimen. As energy is absorbed by 
the specimen, there results a corresponding loss in energy of the flywheel 
and hence a loss in speed. For the 75S-T aluminum alloy at room temper- 
ature this change of strain-rate is hardly noticeable because of the rela- 
tively low capacity to absorb energy before fracture. For tougher 
materials a more pronounced drop in speed is observed. However, even 
for the 1018 steel tested at room temperature, this loss in speed by the 
very end of the test was only about 30 percent. Though appreciable, the 
change in strain-rate for this extreme case is relatively small when com- 
pared with the increment of 50 to 1 in strain-rate decrease for the next 
slowest speed of testing. 


b. Recording System 


All pertinent data such as twisting moment and angle of twist were 
recorded by use of a 6-channel Hathaway 814-A oscillograph. This instru- 
ment is supplied with galvanometers of different frequency responses and 
different sensitivities which can be readily interchanged to fit the range 
of input signal expected. The deflection of light beams by the galva- 
nometer mirrors represents the magnitude of the quantities to be measured _ 
by the various devices. The positions of the light spots from the various — 
galvanometers are recorded on photo-sensitive linagraph paper 6 in. wide — 
moving continuously in the camera of the oscillograph. This camera 
handles paper in rolls of 100-ft length. 
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Paper speeds from % in. per sec to 45 in. per sec are available with 
the standard oscillograph belt and pulley combinations and, by use of 
special pulleys, paper speeds as low as Yo in. per sec have been obtained 
- for the slower tests. Because of limitations of the oscillograph, it was not 
practical to make continuous recordings of the entire tests at the slowest 
speed. Therefore, only the early (elastic) portion of each test was re- 
corded continuously. After the yield strength had been exceeded, the 
oscillograph was intermittently cycled on and off at regular intervals. 
The two cams on the output shaft of reducer R, in Fig. 2 operate 
microswitches for remote control of the oscillograph. The circuit con- 
trolled by the right cam supplies the power to the recording lamp, and the 
left cam switches the paper drive motor on and off 135 times during every 
two revolutions of the flywheel. The cams are positioned so that before 
the paper begins to move there is a delay of about 1 see in which the 
lamp lights up. The record for one cam cycle consists of a set of short 
parallel dashes recorded simultaneously for an interval of about 3 sec, 
the position of each dash representing the measurement of one quantity. 
The complete record resulting from intermittent operation is composed 
_ of a series of these dashes for each quantity measured. 

A summary of the instrumentation and some features of tests for each 
speed are listed in Appendix D, Table 1. The interval between time marks 
recorded (given under Item 6) is varied to suit the conditions of the 
total time required at a given speed and by the speed of the recording 
paper. Markings at every tenth second and hundredth second (for third 
and fourth speeds respectively) are provided by a synchronous time- 
marking attachment built into the oscillograph. To obtain slower fre- 
- quencies, a device employing a synchronous electric clock motor was 
built to provide a signal every 5 sec for use with first and second speed 
tests (the two slowest strain-rates). 

It should be noted in connection with Table 1 that the signals from 
~ the photoelectric cell, the C-beam, and weighbar bridge circuits described 
- in the following paragraphs are amplified before being transmitted to the 
- galvanometer in the oscillograph. 


c. Torque Measuring Device 

The twisting moment or torque at any instant is measured by four 
electric resistance-type strain gages mounted on the outside surface of a 
hollow cylindrical steel weighbar in series with the specimen (Fig. 3). 
The gages are connected in the form of a four-arm bridge used with a 
_ Hathaway Strain Gage Control Unit type MRC-16 with amplifier ele- 
ments of type MRC-15C. The amplified output signal passes through one 
of the galvanometers of the oscillograph for recording. 
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To protect the gages from excessive heat during elevated temperature 
tests, the portion of the weighbar outside the furnace is hollow. Tap water 
flows under the region where the gages are mounted and out through a 
brass tube connected to the drain as shown by the arrows in Fig. 3. 

In order to interpret quantitatively the magnitude of the torque from 
the deflection of the trace on the record, a calibration is necessary. After 
several tests, the signal from the bridge is recorded when a twisting 
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Fig. 3. Details of the Water-Cooled Torsion Weighbar 


moment of known magnitude is applied to the weighbar by means of 
dead weights. This process can be used to determine a calibration factor 
for the particular record with which it is made. However for different. 
amplifier settings, the factor would change; it is therefore advisable to 
have a calibration for each test. The dead-weight method is not con- 
venient, so a controlled unbalance of the bridge is produced by shorting 
a precision resistor across one arm of the bridge. The resistive unbalance 
thus produced corresponds to that produced by a definite amount of 
torque, the magnitude of which can be determined by comparison with 
a dead-weight calibration. It is very simple to apply a resistor calibra- 
tion at the end of each test either by hand or automatically. 


d. Twist Measuring Devices 
Because of the wide range of speeds involved in these tests it was 
necessary to develop two different twist measuring instruments, each — 


adapted to measure the angle of twist for a limited range of speeds. The | 
devices used are described separately in the following paragraphs. 
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Rapid Tests. For measuring the angle of twist in the tests conducted 
at the highest strain-rate (fourth speed), the pickup device (see Fig. 4) 
employs two thin disks of photographic film on which are photographi- 
_ cally reproduced alternate opaque and transparent sectors. These disks 
are individually fastened to the specimen at points 1 in. apart by means 
of small tubular aluminum pieces and set screws. Light projected from a 
_ bright incandescent source is transmitted through the disks to a photo- 
electric cell by means of lucite rods and a mirror (Fig. 4). The disks act 
as a set of multiple shutters to control the light transmitted to the photo- 
cell. The angular displacement of one disk with respect to the other 
corresponds with the angle of twist within the 1-in. gage length. The 
intensity of the light transmitted through the disks varies as one disk 
~ turns with respect to the other. For disks with 2-deg sectors, one sinusoid- 
ally varying cycle of light intensity is completed every 4 deg of twist 
_ within the gage length. The varying intensity of light striking the photo- 
electric cell causes a corresponding variation in output electrical signal 


Flywheel 


Fig. 4. Apparatus for Measurement of the Angle of Twist by Means of a Photoelectric Cell 
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of the photocell circuit which, after being amplified, is transmitted to a 
ealvanometer in the oscillograph for recording. 

Because of its light weight and low moment of inertia with respect to 
the axis of twist, this type of pickup device can be used effectively for 
tests involving twisting applied suddenly at high strain-rates. It will con- 
tinue measuring the twist until the specimen breaks, even for specimens 
of ductile metals which twist through several complete revolutions before 
fracture. However this device is not as sensitive as might be desired 
in the elastic range and therefore is not used in slower speed tests where 
inertia effects are not encountered. 


Fig. 5. Twist Measuring Apparatus for Slower Speed Tests 


Lower Speed Tests. The angle of twist is measured in two ways 
simultaneously by the device shown in Fig. 5. The angle of twist for 
large strains is measured by one component making use of a slide wire 
and rider. The other component which is sensitive to small strains uses 
two electric resistance-type strain gages mounted on opposite sides of a 
small aluminum beam. The beam has the form of a 300-deg circular are 
or “C” shape. The combined indicator is mounted on two short pieces of 
aluminum tubing which are clamped to the specimen by means of three 
pointed set screws threaded through each ring. Number 28 chromel wire — 
with a resistance of 4.1 ohms per ft extends as one continuous wire around 


the periphery of a 2-in. diam lucite disk mounted on the right ring. The 
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circumference of the slide wire is divided into four equal lengths by 
soldered connections to larger copper wires (see Fig. 6). Junctions sepa- 
rated by 180 deg on the circumference are at the same electric potential. 
g From the circuit diagram shown in Fig. 6, it can be seen that as the 
rider (which is attached to the left mounting ring) moves around the 
circumference of the disk, the potential output to the galvanometer varies 
gradually from a maximum at points A and A’ to a minimum at points 
&B and B’. The values of resistance and voltage in the circuit have been 
proportioned to give a linear response in deflection of the galvanometer 
trace on the paper with respect to the angle of twist. For a constant rate 
of twist and a constant paper speed in the recording oscillograph, the re- 
- sulting twist record consists of straight lines which form a sawtooth- 
- shaped contour. 


Fig. 6. Circuit Diagram for the Slide-Wire Component of the Twist Indicator 


The electric strain gages mounted on the “C’’-shaped beam form two 
arms of a bridge which provides sensitive measurements of twist during 
the initial (elastic) portion of the test. A screw with a knurled head is 
_ threaded through a small block at the end of the riding arm attached to 
the left mounting ring. One end of the C-beam is fastened to the lucite 
disk, and the beam is oriented so that the point of the screw on the rider 
~ contacts the C-beam near the free end. Before a test, the screw is turned 
up to deflect the beam about 4 in. As the specimen is twisted, the rider 
and screw gradually release the initial deflection of the spring. The signal 
from the strain gage bridge thus produces a deflection of the trace on the 
recording paper which is proportional to the angle of twist. After an 
optional angle of twist of up to about 15 deg, the initial deflection is 
completely released and the screw moves away from contact with the 
C-beam. The beam is pivoted so that it drops down to clear the rider and 
serew on subsequent revolutions. For calibration purposes, a resistor 1s 
shorted across one arm of the strain gage bridge. The signal produced 
corresponds to a definite angle of twist carefully determined from 
previous calibrations. 
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The combined data from these two components provide twist meas- 
urements with the accuracy and range required for both the elastic and 
plastic deformation. 

Elevated Temperatures. There was no simple means of making twist 
measurements over the 1-in. gage length inside the furnace for elevated 
temperature tests. Therefore it was necessary to depend on measurements 
of the over-all twist which could be made from outside the furnace. Since 
all bars, shafts, connections, etc., in the system were very stiff compared 
to the stiffness of the specimen, the angular rotation of the flywheel shaft 
could, for practical purposes, be considered to be taken up entirely in 
twist within the 1154,-in. reduced length between the shoulders of the 
specimen. For room temperature tests, both “flywheel twist” and gage 
length twist were recorded, and from these measurements a constant 
determined for the ratio of the total (flywheel) twist to the twist within 
the gage length. Since specimens were geometrically identical and the 
temperature was known to be uniform along the entire reduced length 
of the specimen, it was assumed that this constant was the same at all 
temperatures. Gage length twist for elevated temperatures was computed 
by dividing the flywheel twist by this twist ratio. 

For third and fourth speeds, the flywheel position was recorded from 
the output signal from a small magnetic pickup and a gear on the flywheel 
shaft. As each gear tooth passed by the magnetic pickup, it disturbed 
the magnetic field setting up a current which produced a deflection of the 
mirror in one of the galvanometers in the oscillograph. The cyelie trace 
recorded had one cycle for each tooth that passed the pickup. 

For the two slowest tests (at first and second speeds) the position of 
the flywheel or over-all twist was indicated by an impulse produced by a_ 
cam on the output shaft of reducer R, shown in Fig. 2. One impulse was 
recorded for each 5.33-deg rotation of the flywheel. 


e. Sequence Control System 


The time required to break the specimen in the tests at the highest 
strain-rates is quite short; for example, the total time required to fracture 
specimens of 75S-T aluminum at room temperature at the two highest 
strain-rates is approximately 0.02 and 1.0 sec, respectively. In order to 
record intelligible data in these short time intervals, a high speed of the 
oscillograph paper is necessary. A velocity of 45 in. per sec is the maxi- 
mum which can be readily obtained with the oscillograph used. In order | 
to avoid using, say 30 or 40 ft of paper per test of which a length of only | 
a few inches contains the entire useful record, a rather intricate sequence — 


switching system was developed. The control motor and attached switches 
are shown in Fig. 7. 
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ming and Switching Mechanisms for Controlling the Sequence of Events 
when Testing at the High Rates of Strain 
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The cam shaft C is driven by the small motor A through the gear 
reducer B. There are three cams mounted on the shaft C; the angular 
position of each can be set independently. The motor A (and the whole 
test sequence) is started by pushing the reset button on microswitch E. 
After one revolution of the cam shaft, the motor is switched off auto- 
matically when the plunger D, operated by the cam nearest the motor, 
depresses the pin on the face of the microswitch E. 

During this one revolution, the cam at the outer end of the shaft 
operates the multiple pole switch F which controls or actuates three 
circuits whose functions are: (1) to actuate a solenoid to release the 
brake on the oscillograph paper drive; (2) to turn on the motor to drive 
the recording paper; (3) to turn up the brilliancy of the oscillograph 
lamp for recording. This outer cam is adjustable so that the length of 
time the recording paper is to run can be set in advance. At the end of 
this time, the paper drive motor is automatically turned off, the brake 
applied, and the recording lamp dimmed. 

The test is initiated when two pins in the rotating flywheel are 
released to jump out and engage the loading arm that is attached to the 
end of the specimen. These pins are released by a trigger actuated by a 
solenoid in a circuit closed by the middle cam on the control mechanism 
shaft (Fig. 7). By adjusting the angular position of this cam relative 
to the outer cam, the proper time delay can be preset to allow the oscillo- 
graph paper to get up to speed before the pins are tripped to start twisting 
the specimen. 

For the third speed tests (when the total test time is several seconds) 
the cams are oriented to stop the control motor with the outer cam in 
position to leave the oscillograph and paper running. A second multiple 
switch, operating automatically when the specimen breaks, opens the 
circuits to stop the oscillograph and paper drive. This switch is not 
shown in Fig. 7. 

This automatic sequence control system was used only for third and 
fourth speeds. For the slower speed tests, time intervals involved were 
long enough that manual control was satisfactory. 


f. Furnace and Controls 


An electric furnace was employed to provide the ambient temperatures 
required for elevated temperature tests. It was designed to provide a 
minimum of variation in temperature along the length of the specimen. | 
A photograph of this furnace is shown in Fig. 8. Details of the furnace. 
showing wiring and pertinent dimensions are given in Fig. 9. The heating 
coils are wound with platinum wire, and the power to the four elements 
A, Bz, Br and C can be controlled individually. 
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Fig. 9. Details of Electric Furnace for Elevated Temperature Torsion Tests 
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Extra length for insulation was allowed at the right end of the 
furnace to compensate for extra heat losses in the weighbar due to water 
cooling. However, it was necessary to control the proportion of heat input 
to the different zones of the furnace to obtain optimum uniformity of 
heating along the length of the specimen. Experiments were made with 
several different circuits for connecting the heating elements. The circuit 
illustrated in Fig. 9 proved best fitted to the requirements. It is simple, 
utilizing only one controller, yet flexible enough for easy adjustment to 
compensate for conditions encountered at the different temperatures. The 
controller employed was a Wheelco Capacitrol (Model 292) of the on-off 
type. The notation in Fig. 9b is as follows: 

Pa = green pilot light 
Pr = red pilot light 
Ri = heater type resistor, allows a limited 
continuous current 
= voltmeter 
Am = ammeter 
= variable resistance, allowing a por- 
tion of the current to by-pass coil A 
A,B1,Br,C = heating coils (A, at the loading arm 
side; C, nearest the weighbar) 


a 
] 


s 
| 


The setting of the variac determines the current during the “on” 
period of the heating cycle, and the value of R, determines the current 
during the “off” period. The value of R,» is adjusted so that the tempera- 
ture is the same at the two ends of the specimen. 

In experiments to check the uniformity of the temperature in the 
furnace, chromel-alumel thermocouples were peened into the surface of a 
dummy specimen. By using five such couples, the temperatures were 
measured at the following five locations along the length of the specimen: 
at the center, at points % in. to either side of the center (i.e., at the ends 
of a 1-in. gage length), and at points at the base of the end fillets. It was 
discovered that for higher temperatures, a larger proportion of the 
current was required by coil A to keep the left end of the specimen at the 
same temperature as the right end. 

Using settings determined in the experiments described above, uni- 
formity of temperature along the entire reduced length of the specimen 
is maintained within about 2 deg F for lower temperatures and within — 
10 deg at the highest temperatures (1200F) required in this program. 


6. Interpretation of Oscillograph Records 

Two typical oscillograph records in torsion tests at room temper- 
ature which were obtained with the recording system described in Section 
5b are shown in Figs. 10 and 11. The traces representing each quantity 
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Fig. 12. Torque-Twist Diagram for 75S-T Aluminum Alloy in Torsion 


Upper curve represents the full data; this data is replotted in the second curve on an expanded 
_ (lower) scale of ordinates. 


recorded are labeled and some of the measurements made from the 
record are illustrated. Figure 12 shows the curves for twisting moment vs 
angle of twist plotted from measurements obtained from the record in 
Fig. 10. A set of sample calculations have been included in Appendix D, 
Table 2, to illustrate how each physical quantity is computed from the 
data read from the oscillograph records. 

For elevated temperature tests, the quantities recorded are the same 
except there are no direct twist measurements for the 1-in. gage length. 
Since ductility is generally substantially greater at some of the elevated 
temperatures, longer records resulted and in certain cases paper speeds 
were reduced somewhat to prevent them from being unreasonably long. 


Ill. RESULTS OF EXPERIMENTS 


7. Presentation of the Data 

Although this study was primarily in torsion, ordinary room-tempera- 
ture static tensile tests were conducted to provide a means of establishing 
the general material properties in terms of the more standardized type 
tests. The tensile tests were performed by employing an Amsler testing 
machine of the hydraulic type. The tensile properties as determined by 
tests of three specimens of each material are given in Appendix D, Table 
3. Sample stress-strain curves for each metal are given in Fig. 13. It 
shows the ordinary stress-strain curves and the “true” stress-strain 
curves according to the following definitions: 


le 5 
CSa aaa ct ordinary stress P = load 
40 
L—[ f : = 1 
he tos dare Mtr Ao = area before loading 
lo ge) 
Pp A = actual (minimum) area 
o, = — = “true stress” aa 
A 0 = original gage length 
A : 
Gee ite ae = “true strain” l = actual length 


A pronounced yield point was observed in tensile tests of both steels and 
both titanium alloys tested, whereas a smooth stress-strain curve was 
obtained for the magnesium and aluminum alloys (Fig. 13a). 

The accuracies of the values of the torsional properties reported here 
are governed by the instruments and methods used to record and interpret 
the data. Torque values depend on the faithfulness of the pickup and 
amplifier circuits, on the accuracy of calibration, and on the precision 
with which values are scaled from the records. Large angles of twist in the 
gage length can be measured at room temperature with an accuracy of 
about 1 or 2 deg, but at elevated temperatures the error may be greater 
if the relative distribution of strain along the length of the specimen 
changes with temperature. The percent error in measurements of 
small angles of twist was somewhat higher depending on the rate of 
travel of the recording paper as compared to the rate of strain. In general | 
the values determined represent the property exhibited in the sample with | 
an error of no more than 6 percent. In a few instances there was reason 


to believe the error may have been somewhat larger than 6 percent, but 
in most cases it was substantially smaller. 
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The torsional properties determined in this investigation are discusse¢ 
briefly in the following sections. 

a. Explanation of the Torsional Properties Reported 

In determination of the properties for torsion the strain at a giver 
section is assumed to vary in direct proportion to the radial distance from 
the central axis; all computations for stress and strain apply to the ma: 
terial at the extreme fiber or periphery of the test section. As illustratec 
in the Sample Calculations, Appendix D, Table 2, the properties reporte¢ 
in terms of stress units (psi) are all computed according to the elasti. 
relation 7 = T/(J/c), where: + = strength property (proportional limiti 
yield point, ete.) in psi; 7 = Torque (or twisting moment) in lb-in.i 
J/c = section modulus of minimum section of specimen in in’. 

In cases where the contour of the torque-twist curve was smooth dur: 
ing the initiation of inelastic deformation, the “yield strength” was des 
termined from the torque corresponding to an offset of 0.2 percent shear’ 
ing strain (or approximately 0.92-deg twist in the 7 vs @ diagram 
shown in Fig. 12). 

The upper and lower “yield points” were determined for tests in which 
the observed torque on the test specimen dropped suddenly at the begin: 
ning of yielding and then increased again as twisting progressed further 
The values of yield points recorded are based on the torque at the maxi: 
mum and minimum points in this region of the torque-time record. 

The modulus of rupture by definition is calculated from the samé 
equation by using for 7 the maximum torque developed during the test. 

The shearing strain y was computed from the angle of twist 6” ini 
radians* within the gage length J and for a radius c by the relation: 

Y= . (11 
Application of this relation for determining strains for large angles o| 
twist may be questioned.‘**) However it is considered to give an accuracy 
consistent with other assumptions on which the present calculations are 
based and is useful here because of its simplicity. 

The values of “energy absorbed” that are tabulated represent the 
total energy to fracture for the 1-in. gage length and not the energy pe’ 
unit volume as usually reported for tension tests. Because of the strait 
gradient in the torsion specimens the energy absorption would be highes: 
in the material at the circumference and less for points nearer the axis. 
b. Evaluation of the Proportional Limit 

Although the values of the proportional limit were determined for eacl 
specimen, they are not shown graphically or considered in the analysi: 
since this property is so indefinite. Although it is affected by the rate o 


* 6’ is used to indicate the angle of twist in radians; @ without the prime i in thi 
7 A ’ e 1 
manuscript to represent the angle of twist expressed in degrees. . S reserved aia 
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strain, Templin has pointed out“ that the proportional limit measured 
depends also on the type of testing machine, the sensitivity of extensom- 
eter, the scale to which results are plotted, the personal element in 
choosing the point of departure from a straight line, and the presence of 
small amounts of residual stress, coldwork, ete. Dolan and Sidebottom 2) 
have related some of the difficulties encountered in detecting the actual 
point of departure from linearity when a stress gradient exists. 

The proportional limits determined were based on the departure from 
the straight line in the curve representing torque vs angle of twist. 
Por combinations of circumstances where the initial rise in torque was 
very rapid with respect to the speed of the paper in the camera of the 
oscillograph, the end of the linear range was the only point that could be 
accurately plotted. In such cases the proportional limit represents the end 
of proportionality of the torque-time relationship which coincides exactly 
with the proportional limit for torque vs strain only when the strain-rates 
are perfectly constant. 

It was observed from the original data that the seatter in proportional 
limit for the individual specimens for a given set of conditions was gen- 
erally greater than is observed for yield strength or modulus of rupture. 
c. Explanation of the Graphs 

The magnitudes of the properties measured in these experiments are 

plotted in the graphs given in Figs. 15-27. Except where otherwise indi- 
cated, each point plotted in these figures represents the average from 
three or more tests. In all graphs where both solid and open circles are 
used, the data represented by the solid black circles refer to the series of 
tests in which specimens were heated to the temperature specified for the 
test and held at this temperature for one-half hour before the beginning 
of loading. This condition is referred to as “unaged.” Open circles refer 

to the series of tests made on specimens which were given the 200-hr 
‘aging treatment at the test temperature prior to the test. Curves are 
sketched in to show the average trends in the data. In graphs where only 
‘one set of symbols appear, the symbols represent data for unaged speci- 
mens only. Since the variation of each property with the two parameters 
of strain-rate and temperature was studied, most of these graphs are 
three-dimensional plots; each graph is intended to show the combined 
effects of the two parameters on one property of a metal. However, some 
two-dimensional plots are included to aid in visualizing magnitudes and 
to show certain individual effects more clearly. The temperature in F in 
these graphs is plotted to a linear scale whereas the rate of strain is 
plotted to a logarithmic scale. Since the ratio of any two consecutive 
testing speeds was 50:1, the scale used for rate of strain is linear with 
respect to the speed number. 

Figure 14a shows a family of curves which illustrate the effect of 
rate of strain on the yield strength of 75S-T aluminum alloy in torsion 
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Fig. 14. Effect on the Shearing Yield Strength of 75S-T Aluminum Alloy in Torsion of 
(a) Rate of Strain, (b) Temperature, and (c) the Combined Factors 


tests. Each curve shows the variation of yield strengths with rate of strain 
at one given temperature. Figure 14b shows the same data replotted to 
illustrate the variation of yield strength with temperature for each strain- 
rate. Subscripts for strain-rate 7 are in accordance with the usual speed 
notations designated as follows: 


7: = 0.0001 in./in./see = first speed 
y2 = 0.005 in./in./see = second speed 
ys = 0.25 in./in./see = third speed 
ya = 12.5 in./in./seec = fourth speed 
The data in Figs. 14a and 14b are combined in the three-dimensional 
plot in Fig. 14c. 
Curves similar to these are shown in Figs. 15-20 and 25 for all seven 
metals tested. In tests of SAE 1018 steel a sharp break in the torque- 
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twist curve was observed at the yield point for certain temperatures and 
rates of strain (Figs. 23 and 24). In these cases upper and lower “yield 
points” were determined. At high temperatures and slow rates of strain, 
_ however, the torque did not drop during yielding but increased continu- 
_ ously. In the latter cases a yield strength based on 0.2 percent shearing 
strain offset was computed. The “yield strength” plotted in graphs such 
as Fig. 15 represents the “lower yield point” when present, or the offset 
yield strength for instances in which no sharp yield point was observed. 

Some of the torque-twist curves for titanium also exhibited upper 
and lower yield points (Figs. 21 and 22). This phenomenon was not 
observed for all temperatures and strain-rates; therefore, the curves for 
yield strength in Fig. 20 are plotted in the same manner as described 
above for SAE 1018 steel. 

The influence of temperature and rate of strain on the magnitude of 
the drop in torque from the upper to lower yield point is illustrated in 
Fig. 15e for 1018 steel and Fig. 20g for RC-70 titanium. In these figures 
the “Y.P. Ratio — 1” represents the decimal fraction by which the ratio 
of the upper yield point to the lower yield point exceeds unity. It can be 
seen that the maximum ratio of upper to lower yield point for RC-70 
titanium occurs at different temperatures and different speeds than for 
the 1018 steel. 


8. Discussion of Results 

Because of the wide differences observed in the behavior of the metals 
studied here, the experimental results for each metal are discussed sepa- 
rately in the following sections. 


- a. SAE 1018 Steel 


The SAE 1018 steel was received in hot-rolled round bars 5¢ in. in 
diam and fulfilled the specifications set up in Spec. AN-QQ-S-646. Its 
specific gravity was about 7.86. The chemical analysis as furnished by 
- the manufacturer is included in Appendix D, Table 4. Specimens were 
machined from the bars in the condition as received without further 
heat-treatment. This metal falls under the classification of mild steel and, 
- because of the vast amount of study already devoted to this type of metal, 
most of the tendencies exhibited in the present study have been observed 
before. Unfortunately, however, despite the extent of previous research, 
the mechanisms governing the characteristics observed have not all been 
determined. The experimental results are plotted in Fig. 15. 

Strength. Part b of Fig. 15 shows that, for temperatures of 700F and 
below, the strain-rate had little effect on the modulus of rupture of 1018 
steel, but for 1000F there was a marked decrease in strength with de- 
creasing speed. This latter temperature probably was sufficient to allow a 
substantial amount of softening which progressed more completely as 
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Fig. 15. Test Results for SAE 1018 Steel in Torsion (part 1) 


time went on; therefore very little benefit was derived from work hard- 
ening, whereas the rate of softening was too slow at temperatures below 
800F to produce measurable effect before fracture. 

Strength was higher for temperatures around 400F than at room 
temperature, as is expected for strain-aging materials, and was progres- 
sively lower for temperatures above about 400F. The lowest strengths 
measured were for the highest temperature and the slowest speed. 
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Fig. 15. Test Results for SAE 1018 Steel in Torsion (part 2) 


The yield strength or yield point, Fig. 15a, was more sensitive than the 
modulus of rupture to rate of strain, since initial yielding in this type of 
steel is through development and propagation of Liiders bands, a highly 
time-dependent phenomenon. For more rapid loading or lower tempera- 
tures, higher elastic strengths resulted. 

The yield point ratio, defined here as the ratio of upper and lower 
values of torque in cases where yielding was accompanied by a sudden 
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drop in the torque, showed considerable sensitivity to both temperature 
and time (Fig. 15e). It is well known that the upper yield point (and 
hence the ratio) is also affected by factors other than speed and tempera- 
ture. In tension tests the magnitude of the upper yield point depends on 
the machine used, a “hard” or stiff machine giving higher values than a 
“soft” machine which tends to iron out the jog in the force-deformation 
curve. The occurrence of an upper yield point depends on the geometry 
of the specimen, the surface finish, etc. A more complete discussion and 
review of the literature on the yield point phenomenon is given in Ref. 71. 

The yield point is generally considered to be related to strain aging 
and is associated with the presence of carbon and nitrogen in the steel. 
The detailed mechanism which results in the observation of a yield point 
is, however, not clear. One explanation based on the theory of disloca- 
tions”) attributes the sudden yielding to the tearing free of dislocations 
from “atmospheres” of solute carbon and/or nitrogen atoms, leaving the 
dislocations mobile and able to produce rapid flow under smaller forces. 
The force required to release a dislocation from its atmosphere is less at 
higher temperatures due to the added thermal energy present. 

Ductility. Ductility of 1018 steel as measured by the total shearing 
strain was found in general to increase with higher temperature and 
longer time (slower rates of loading) except as modified by the blue- 
brittleness effect at intermediate temperatures. These trends are illus- 
trated in parts ¢ and g of Fig. 15. 

Blue-brittleness shows up as a lowering of ductility for moderately 
elevated temperatures which would otherwise be expected to increase 
ductility. This usually occurs over a fairly wide temperature band so that 
the minimum point for one set of data might be chosen anywhere within 
a range of a hundred or more degrees. An increase in strength frequently 
accompanies the loss in ductility in this temperature range but not always 
to the same degree. The maximum strength is usually observed at a 
temperature slightly different from the minimum ductility. 

Blue-brittleness is considered to be the result of strain-aging, (3% 64 69) 
and the temperature at which it occurs is a function of the rate of strain- 
ing. Part h in Fig. 15 shows the temperature for minimum ductility 
plotted vs rate of strain for data scaled from the curves in part g. For 
the sake of comparison, a few data from the literature are also plotted 
in part h. Data from all three sources fall within the same general scatter- 
band represented by the dashed lines. The general trend of this scatter- 
band can be expressed mathematically in the form 


A= y eBITp (2) 
or ) ; 
Te anew 


SRE (3) 
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where A, B and C are constants, y the shearing strain-rate and 7’ the 

absolute temperature in Rankine units. Evaluating the constants for the 
solid average line in Fig. 15h we find A = 1.77 X 10”, B = 3.25 X 10*, 
C = In A = 28.2 Equation 3 then becomes 


32,500 A 
28.9—In 7 @) 


_ Other investigators” report qualitative agreement that the blue-brittle 
temperature increases with rate of strain, but in most cases the actual 
rates of strain are not reported. Strain-rate data is scarce probably be- 
cause it is very difficult to determine reliably the rate of strain in the 
bending impact test or tension tests in which necking occurs. The blue- 
brittleness phenomenon has not been observed in non-strain-aging metals. 


_b. SAE 4340 Steel 


The SAE 4340 steel was received in the form of hot-rolled round bars 
_ *% in. in diam and fulfilled the specifications set up in Spec. MIL-S-5000. 
~The specific gravity was about 7.83. The chemical analysis as furnished 
by the manufacturer is given in Table 4. This alloy steel can be heat- 
treated to very high strengths but (for the purpose of comparison with 
the annealed titanium alloy) was quenched in oil from 1500F and 
tempered at 1130F to give a hardness of approximately 33 Rockwell C 
which corresponds with an ultimate tensile strength of about 150,000 psi. 
~ In this condition the 4340 steel exhibited a sharp yield point in tension 
and considerable ductility. The experimental results for this metal are 
illustrated in Fig. 16. 

Strength. Parts a and b of Fig. 16 show a rather consistent decrease 
in yield strength and modulus of rupture with increasing temperature 
and decreasing strain-rate over the entire range of both parameters. The 
_ loss in strength was somewhat more rapid at temperatures above about 
- 700F. Strength was sustained at higher temperatures for 4340 steel than 
- the other metals tested here. 

Ductility. Fig. 16c indicates that a general increase in total strain 
was accompanied by an increase in temperature at every rate of twisting; 
it can be observed that the strain also increased when the strain-rate 
was decreased. . 

Large strains were developed at 1200F, particularly for the two slower 
speeds. It can be seen in Fig. 16¢ that at 1200F and 7 = 0.0001 in./in./ 
sec, fracture occurred with somewhat less strain than it did for the next 
faster rate. 


c. 248-T Aluminum Alloy 
. In the manufacturing process the 248-T aluminum alloy was formed 
~ into round bars 144, in. in diam by hot rolling and then cold drawn to 
the final diam of % in. before solution heat-treatment, This metal fulfilled 


Te = 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


xs 
eS e 
NINES NBS 

P : 
eS Q& 
4 4 

+ ‘ 
oS VS 
Con CS 

\ i 


Veen ea VY, 


A 12, k 1200 
EL OTY GOYA ILO lo“ 07 107 10” 10° 10 
Stran-kate, '/n/sec Strain-Kate, infin/sec 
/ Gi =f 4 i a Ji 4 
Speed Speed 
(a) Combined Effects of Strain-kate  (b) Combined Effects of Strain-kate 
and lemperarure on te and Termperature on the 
Shearing Yield Strength Modulus of Kupture 
/0 
8 & 
es 
aS 
tapas 
os 


/ te Se? a 0 
EN AEV ED Vag eset 


e 
lo* 10” 10" lo” 10° I0 a TO SO NOM ORM OLNO. e 
Strain-kate, infitrfsec Strain-Kate, infin fsec 
if a 3 4 id a ff ¢Z 
Speed Speed 
(c) Combined Effects of Strain-kale (al) Combined Effects of Strain-kate 
and Temperature or Total and Temperature on the 
Shearing Stratr Lnergy Absorbed 


Fig. 16. Tests Results for SAE 4340 Steel in Torsion 
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the specifications set up in Spec. QQ-A-354. The chemical analysis as 
supplied by the manufacturer is given in Table 4. The specific gravity of 
the 248-T alloy is 2.77. This alloy was in the condition designated T4 
indicating that it was not artificially aged by the manufacturer but had 
been given a solution heat-treatment. The recommended treatment for 
increased strength of this alloy includes coldworking followed by a pre- 
cipitation heat-treatment at 375F. In the T4 condition natural aging is 
known to occur at room temperature and further aging will take place at 
- moderately elevated temperatures. 

The properties of the aluminum alloys at normal and elevated temper- 
atures are influenced to such a large extent by precipitation aging after 
solution heat-treatment that a brief and simplified discussion of this 
phenomenon is presented here and used as a basis for explaining some of 
_ the results observed in experiments. 

Precipitation. In several aluminum alloys in which the principal 
alloying constituent shows a marked increase in solubility at elevated 
temperatures, heat-treatment affords a means for additional improve- 
ment in strength. The commonly accepted explanation for the mechanism 
through which this strengthening or hardening is achieved seems to be in 
accord with the behavior observed here. 

When the metal is heated to a temperature of about 900F the alloying 
constituents go into solution and diffuse throughout the matrix, providing 
a nearly homogeneous solid solution. Upon rapid cooling or quenching the 
hardening elements are not allowed sufficient time to precipitate from 
solid solution in accordance with their reduced solubility at the lower 
- temperature but remain in supersaturated solution. As time passes, how- 
ever, these constituents gradually precipitate out at a rate which shows 
marked increase at temperatures slightly above room temperature. These 
tiny particles are evenly distributed throughout the matrix when they 
form and tend to inhibit slip, thus reducing ductility and increasing 
strength and hardness. By a limited increase in time or temperature in 
the proper combination, the number and size of these precipitated par- 
ticles (and the hardness) are increased. However, with further increase in 
time or temperature the particles begin to coalesce into larger particles 
which are not as effective as the smaller, more dispersed particles in 
hardening the metal. This progressive precipitation and initial coalescence 
which results in hardening is often referred to as aging, and when allowed 
to proceed to_excess, is called overaging. 

Strength. The yield strength of 248-T aluminum alloy was slightly 
increased at elevated temperatures up to about 400F as compared to 
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Fig. 17. Test Results for 24S-T Aluminum Alloy in Torsion 


room temperature values for all speeds of testing as shown in Fig. 17a. 
This is evidence that aging occurred during heating and during the half 
hour at the test temperature before the torque was applied. The differ- 
ences in the duration of the tests at the various speeds was not sufficient 
to influence appreciably the aging effect observed. At 400F more pre- 
cipitation undoubtedly took place than at 200F, but it was offset by the 
normal weakening effect of this increased temperature; approximately 
the same strength resulted at both 200F and 400F. 

At 600F a marked decrease in yield strength was observed. This was 
the result of the ordinary softening effect which occurs at elevated 
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temperatures, and possibly combined with a limited amount of overaging. 
Only at the highest temperature (600F) did the increase in strain-rate 
appreciably increase the yield strength of 24S-T aluminum. In room 
temperature tests, a larger increase in yield strength was observed at 
fourth speed than would be expected. Careful re-examination of the 
_ oscillograph records indicates that this increase may be partly attributed 
to interpretation of the record. If it had been possible to obtain higher 
rates of travel of the record paper, a slightly earlier departure from 
linearity would probably have been revealed in this instance. At slower 
rates of deformation both the elastic and maximum strengths were 
lowered. There was more time at slower strain-rates for flow of the grain 
boundary material, ete. 

As the temperature was raised, the modulus of rupture (Fig. 17b) 
began to decrease at about 200F. This was a lower temperature than that 
at which the yield strength began to diminish. Probably overaging and 
other softening tendencies progressed during the plastic portion of the 
tests at temperatures above 200F to an extent that prevented the full 
inerease of strength from the strain-hardening which had occurred at 
lower temperatures. 

Ductility. As shown in Fig. 17¢ there was no general increase in the 
total strain to fracture in 248-T specimens as the temperature was 
increased up to about 500F. Any aging which tends to maintain the 
strength at elevated temperatures also tends to prevent an increase in 
ductility. Therefore the observed variations in strength and ductility 
were consistent. 

At 600F overaging contributed to large increases in ductility at all 
four strain-rates. Except for a slight decrease in ductility at the highest 
strain-rate the rate of strain had no effects on ductility that were con- 
sistent for any two speeds of straining. 


d. 75S-T Aluminum Alloy 

The 758-T aluminum alloy was received from the manufacturer in the 
form of round bars which had been hot-rolled to 1146 in. diam and then 
cold drawn to the final diam of % in. The 758-T alloy fulfilled the speci- 
fications set up in Spec. AN-A-11. The chemical analysis as supplied by 
the manufacturer is given in Table 4. The specific gravity of the 758-T 
alloy is 2.80. This alloy was in the condition designated T6 indicating 
that it had been solution heat-treated and was artificially aged for 24 hr 
at 250F by the manufacturer. 

Strength. The strength of 75S-T aluminum alloy as measured by 
yield strength or modulus of rupture in torsion was only slightly less at 
900F than at room temperature (see Figs. 14 and 18). A slight strength- 
ening effect from additional aging seems to have taken place at 200F to 
offset the deleterious effect of the temperature increment so that the 
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strength was maintained almost equal to that at room temperature. This 
temperature is not sufficiently high to expect overaging to occur during 
the time intervals encountered here. 

The tests at 400F were appreciably above the normal aging tempera- 
ture for this alloy, and therefore overaging was probably pronounced 
enough to add to the ordinary weakening effect of temperature, particu- 
larly for the lower rates of strain. Expressed in absolute units 600F is 
1060 deg Rankine or about two-thirds the absolute temperature of the 
melting point of this alloy. At this temperature the metal was quickly 
overaged and recrystallization or softening was rapid; it was weakened to 
such an extent that the strengths observed were very low. The 75S-T 
alloy was no longer stronger at 600F than other aluminum alloys which 
exhibited considerably lower strengths at room temperature. 

The ratio of yield strength to modulus of rupture was highest for the 
highest temperature and lowest rate of strain. The maximum torque oc- 
curred at a very small percent of the total strain for this condition. Prob- 
ably a continuous recrystallization accompanied the deformation, and its 
weakening effect progressed more rapidly than the strengthening effect 
due to strain-hardening. The strain-hardening capacity of the 75S-T alloy 
was relatively small at room temperature as shown by the tensile true 
stress-strain curve illustrated in Fig. 13. 

When loaded at room temperature there was no overaging. Any relaxa- 
tion or creep took place slowly and there was a gradual increase in 
resistance to deformation as a result of work-hardening, so that the maxi- 
mum torque was reached near the end of plastic deformation. 

Ductility. For temperatures up to 400F the increase in ductility (Fig. 
18¢c) corresponded very closely with the decrease in strength. The marked 
increase in ductility at 600F at fourth speed over that for lower tempera- 
tures was expected to result from overaging and from recrystallization 
which could take place readily at this temperature as the crystais were 
deformed. At third speed the additional time allowed more complete re- 
crystallization; conditions were optimum for unrestrained or maximum 
plastic flow. About 800 percent shearing strain was reached in third speed 
tests before fracture. 

However, when the rate of deformation was less than at third speed 
(second and first speeds) a combination of factors produced an embrit- 
tling tendency which has been observed) jn creep and stress rupture 
tests where a decrease in ductility resulted from increasing the duration 
of the test. One possible explanation for this behavior arises from the fact 
that the rate effects are not the same within the grains or crystals as for 
the grain boundary material. It has been observed (8) that in some cases 
for elevated temperatures a great deal of slip and deformation of the 
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Fig. 18. Test Results for 75S-T Aluminum Alloy in Torsion 


erystal occurs at one speed and a ductile failure results; whereas at a 
higher speed, less slip is observed and the fracture surface follows the 
erain boundaries. These observations are in agreement with the ductilities 
measured here in 600F tests of 75S-T aluminum. 
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e. FS-1 Magnesium Alloy 

This alloy was the lightest in weight of any metal tested (Sp. gr. = 
1.77) and lowest in tensile strength. The material was received in the form 
of 1144 in. diam round bars and was the only metal included in this study 
that was fabricated by the extrusion process. This alloy is sometimes 
designated No. AZ-31B and fulfilled the specifications set up in Spec. 
AN-M-27. It was not solution heat-treated or given any other heat-treat- 
ment after extrusion, so that any coldwork induced by the extrusion and 
stretching phases of the operation were not removed from the metal before 
the specimens were prepared. The chemical analysis as furnished by the 
manufacturer is given in Table 4. 

Strength. The torsional strength of the FS-1 magnesium alloy shown 
in Fig. 19, parts a and b, was very low. The linear portion of the torque- 
time or torque-twist curve was very short. Despite large amplification of 
the signal from the torque weighbar, the curvature of the torque trace 
appeared to begin almost at zero, especially for elevated temperatures. 

There was a general decrease in yield strength with increase in tem- 
perature for all speeds of testing although the rate of decrease was moder- 
ate. Strain-rate had a distinct influence, higher yield strengths being 
observed at the higher rates of deformation. The rate of loading is 
significant at all temperatures since pure magnesium creeps at room 
temperature, 7° 

Ductility. At room temperature the ductility was relatively low, be- 
ing comparable to that of the 75S-T aluminum alloy. At higher tempera- 
tures the ductility increased (Fig. 19c), particularly at the slower rates of 
deformation. The deformation mechanism can function either by slip or 
by twinning. Because of the preferred orientations developed in the extru- 
sion process, slip is easiest when the shearing stress is in the direction of 
certain favorably oriented planes. 

The fact that the FS-1 exhibited a continued increase in ductility and 
a decrease in strength as the temperature was raised may be taken as an 
indication that there was no precipitation aging or overaging as was ob- 
served in the aluminum alloys tested here and in some other magnesium 
alloys. For the magnesium alloy the maximum strain of about 700 percent 
occurred at 600F for the lowest strain rate (Fig. 19¢). 

f. RC-70 Titanium 


This metal was designated “commercially pure,” a classification 
which does not restrict its composition within close limits. The chemical 
composition as determined by the manufacturer is given in Table 4. Its 
specific gravity is 4.5. It was received in the form of round bars 56 in. 
in diam which were hot-rolled and annealed by the manufacturer. 

The relative newness of commercial availability of titanium has meant 
that, until recently, very little was known of its mechanical properties. 
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Fig. 19. Test Results for FS-1 Magnesium Alloy in Torsion 


Characteristics considerably different from those observed for the alloys 
of steel and aluminum were revealed in the current studies. 

Strength. The graphs in Fig. 20 illustrate the sensitivity of the 
strength of commercially-pure titanium to effects of both time and 
temperature. In general, there was a marked increase of yield strength 
with increase in speed of testing for all temperatures. There was a sub- 
stantial decrease in yield strength with increasing temperature for all 
speeds of straining. However, the rate of decrease of yield strength with 
temperature for RC-70 was a decreasing function; that is, the loss of 
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Fig. 20. Test Results for RC-70 Titanium in Torsion (part 1) 


strength with increase in temperature was less at the higher tempera- 
tures. This was opposite to the tendency observed for 75S-T aluminum 
alloy, for which the loss of strength became very rapid for temperatures 
above 400F. 

Since 570F is sufficient to provide stress relief of commercially-pure 
titanium in an hour,'*" it is logical to assume that considerable relaxa- 
tion of stress and loss of strength would occur even in rapid tests at 700F 
or in slower tests at as low as 400F. 
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Fig. 20. Test Results for RC-70 Titanium in Torsion (part 2) 


The contour of the torque record in the region of the upper and lower 
yield points for RC-70 titanium appears to be somewhat different from 
that for 1018 steel. The initial portions of typical oscillograph records for 
tests of RC-70 for each of the test conditions are illustrated in Figs. 21 
and 22. There was no sharp break to indicate that the torque decreased 
suddenly during yielding. 

It has been pointed out that for 1018 steel (see Figs. 23 and 24) the 
drop in torque during initial yielding was sudden whenever any decrease 


ILLINOIS ENGINEERING EXPERIMENT STATION 


52 


-—s 68 @ 


tammm wamm exwte cotee sn. tanto tamm ith tin ties tab Ochi ite Sie Wil Wit wins iar) tam Sie Sem ete Cale Ome Win Sine GID SD Ge Sem mm Gams alin cam Gane Sinnn seme cm cm canis oun cue eee sim my SAS Sune Sun Gwe Go uy SNR ENE SD aD tN Ae SP i Me Se 


eho a eae OS we ie we Ce BS ee Ore a8 8 Se FF ROR ee ee P 6° eRe Ole eS 8 PO Ree Se ae ee eee eee eee eee 


eteeaticnnliemndiaed 


ay %bs0 aL 


enb4sot 


Be P| 
<< “Ps5r5 “996 sab N 
“ 


FIA, 87M SPS 


53 


Bul. 420. METALS IN TORSION 


wnIUuPHIL OZ-DY $O SHSAl Paeds js4i4 104 spsoray YdosBoyjiosO JO suoljsog joljuy “[Z “Bly 


PORE HHO Hem HEE EH HEH HEHEHE OY * oh & 6 & we 8 
ee ee ee | 
| Blade ded LE EAA AD Riad d db ddbathel lll abecd sheesh baad diednt Beck ethos ee’ ee > 


a t ‘ 4 + % ‘ « 


O2-3a teen 
Pes Hee 


YoOO! 73). 
"a7 bests 
: OL BY Weiee ost 
(2) ~Ber re pp-gy 


ILLINOIS ENGINEERING EXPERIMENT STATION 


54 


| 00N 


aed: 


ian spytesen 


a ,48eL 
| Zo 


| 


bent HANAN Mann Waynes Se, 


{eo 


3 
: Y 
Oly 
s 
: ty. ® 
——$- peeds z RN 
/ BEST vtVA8H £ 
IEG 282l _ 2 
" yy 
Or 


BOON NAS te Ro tee he de Bote 
a ed ON a Oe 
ae 

SLE=0 


2s 
—— ro od 


Po 00 y dma, 
Poa gy a Pa eds 


OL-dy TEIN 
“Zor 


igniting tin tales il 


nen ears 


“t-9f 2nbteL 


eseansiconmgermienre 
pinto 


“duet 
ee nes 

OL-Ja ee" 
A Tae! 


PIAAAAAANSL DAMA IAANAA 


—_—— 
| z 
) Z 
ie De, *dmey i 
OL98 184 % 
.) 


SLE i801 


55 


Bul. 420. METALS IN TORSION 


wintungi] OZ-DyY JO S¥se, paeds ysinoy pun ‘pslyy ‘puorag soy spsoday ydosBojjizsQ 4O Suolsog jOIsu; “77 “B14 


‘ 


| 
‘ 
ye ASSEEREASEC 83 8448 


poe a oe ae Ny ob 


y Hee a“ i 
‘ e ¥9—+| 4 { “39 i ; 


3 


t : 
ee 
W-9f Babsaz 


“enema 


DIADNA 


LE rO 


DD DADD DSM ad 


— 


3 
S 
3 
an 
Sy 


Nemes 


Bri Cre ee noc ening they a eon rrin 


Orgy ten a 
“Hee vt 

: : 

GL 

“7-9 

<  3n@woy 


ILLINOIS ENGINEERING EXPERIMENT STATION 


56 


Pa 
Pad 
gaoet 


Ee als SA OF aon ary, 


fa A ORO Ae OPPO LOL ft att pap POONA DOOD PEF POT ff OOO, 


ee 


ae porated pee pat (hil CMM AMAA EM Ge 


- oH 
iter nett wmantatgccotenre TN 4 


(pat pep tet 


\ 


St -9/ 


(0) EB OF TaN 


Org 3894 


57 


“g 0} VW WIOIZ UIUT FT SBA SJOP UdaMjoq [BAsoyUL ou !yEZ “BI Wi W YB pesueyo pooeds s10deq ‘ 5 
4OOK #2 1294S BLOL IVS JO SHS®L 40} Spsorey YdosBojji2sQ “Ez “B14 % ; 


METALS IN TORSION 


Bul. 420. 


ILLINOIS ENGINEERING EXPERIMENT STATION 


58 


¥ pre fs 


S 


74 


-00/ 


~ 
woo” 


TeoT anos 
—~ 7 peads 
(2 ) “BIST T290N 
Sry 881 


59 


METALS IN TORSION 


Bul. 420. 


4 


a 


2 


A aN 


: hee 
We AA 


4 


‘gq 02 Y Wolf UU F'T SBM SJOP WodaAjoq [BA1o}UT out} 


‘ 


‘ppZ “Sly Ul y ye pesuByo poeds sede 


4OOZ #© 1994S BLOL AVS 42 SHS@L 404 Spsorey GdosBolpi2sQ “yZ “BIJ 


: : ' 


d 


\ va AVA vy ANI AW ig a WAAAY — — Be THON 
3 : i : j : 
: ob: rot] : yt : : 4 


; ‘ : 

: “ (oes : 
: on AQ 
: a ” 


a 


POL. 


A 


RANA AANA 


=) 


paods 


60 ILLINOIS ENGINEERING EXPERIMENT STATION 


was observed. It appears then that the yielding mechanism which has 
been investigated at great length for low carbon steels (but is still not 
clearly understood) might be somewhat different from the mechanism re- 
sponsible for yielding at a reduced stress in titanium. 

No drop in torque at the yield point was observed in room tempera- 
ture torsion tests of RC-70 titanium at any speed. However, this phe- 
nomenon was observed in tests at elevated temperatures, particularly at 
the more rapid rates of strain (Figs. 21 and 22). Similarly the yield point 
effect in titanium alloys in tension has been observed to disappear at low 
temperatures. “”? 

Ductility. The ductility of the RC-70 titanium shown in Fig. 20¢ 
appears to be nearly the same for all temperatures and speeds except for 
the two slowest speed tests at 1000F. This was true for both aged and 
unaged specimens. Thus for the times and temperatures involved here 
there was no radical embrittlement due to absorption of hydrogen, oxygen 
or nitrogen from the air. It is generally considered that extended exposure 
at temperatures somewhat above 1000F is required for absorption of 
sufficient quantities of oxygen and nitrogen to produce drastic embrittle- 
ment,"’*) but some effect might have been expected at 1000F, particu- 
larly after the 200-hr exposure. Hydrogen is absorbed at temperatures 
above 600F but is not considered to be as serious an embrittling agent as 
the other two gases. 

Complete removal of coldworked properties is possible by exposure to 
a temperature of 800F for 1000 hr?” or more quickly at higher temper- 
atures. Since the greatest portion of this annealing effect would take 
place during the first few hours or minutes, it would be expected that for 
tests at temperatures of 1000F and involving several minutes, softening 
would take place continuously during the test and large values of strain 
might be developed before fracture. The corresponding strength would 
be rather low for this condition. 

Ordinarily the conditions which increase strength properties of metals 
also tend to decrease ductility and, although there is no quantitative 

formulation of this relationship, qualitative correspondence is usually 
observed. In Fig. 20, parts a, b, and ¢, this qualitative inverse relationship 
between ductility and strength is not clearly obvious when comparing 
shearing strain in torsion with yield strength and modulus of rupture. 
However when the strain is plotted to a larger scale, the increases in 
strain can be seen to correspond with the decreases in strength. There is 
in general an increase in strain with increasing temperature. 
In data reported by the manufacturer“”) and others, the ductility of 
titanium in conventional static tension tests is not greatly affected by 
temperatures up to around 800F or higher. Reduction of area in tension 
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tests has been reported to show marked increase above about 700F, but 
elongation may be as low at 850F as at room temperature. 
g. RC-130-B Titanwm Alloy 

This metal is a ternary alloy with nominally 4 percent each of man- 
ganese and aluminum. Some carbon was also present in the chemical 
analysis (Table 4) although the percentage was not as large as that in 
the RC-70 titanium tested. The specific gravity was 4.7. The RC-130-B 
was tested in the annealed condition as received; no effort was made to 
increase the strength by further heat-treatment or by cold rolling. Speci- 
mens were prepared from the % in. diam hot-rolled round bars that were 
annealed by the manufacturer. 

Strength. In Fig. 25a it can be seen that the torsional yield strength 
of the RC-130-B titanium alloy was sensitive to both temperature and 
strain-rate effects. There was a continuous decrease in yield strength for 
every speed as the temperature was raised. The yield strength was higher 
at every temperature for the higher strain-rates except for some of the 
tests at 700F. At this temperature there was no change in yield strength 
apparent in the data from tests at the three lowest speeds. 

The values of modulus of rupture shown in Fig. 25b were about the 
same for all speeds of testing. At 1000F a sharp decline in strength was 
observed that was approximately inversely proportional to the logarithm 
of the strain-rate. 

Ductility. An increase of total strain with increasing temperature is 
evident in Fig. 25¢ for all speeds. The rate of this increase in ductility 
was quite constant except at the highest temperature. For tests at 1000F 
and the slowest strain-rate, an extremely high strain was observed. This 
strain, about 3750 percent, was more than three times as great as that 
observed in RC-70 for the same conditions. 


 h. Effect of the Aging Heat-Treatment 

Data for specimens heated to the test temperature for 200 hr in 
advance of the actual test appear as open circles on graphs where the 
data for unaged specimens are plotted by solid circles. By comparing 
these results the effect of the aging treatment can be determined. Since 
the reaction to aging was different for the different metals, the discussion 
below has been subdivided according to metal. 

53-1 Aluminum Alloy. A pronounced effect of the 200-hr aging 
heat-treatment on the strength of 75S-T aluminum alloy can be observed 
in Figs. 14 and 18 only for temperatures near AOOF. Since the manufac- 

turer’s aging treatment produced precipitation for essentially optimum 
- strength, little or no increase in strength would be expected from further 
aging at 200F whether for ¥% hr or for 200 hr. Considerable overaging 
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Fig. 25. Test Results for RC-130-B Titanium Alloy in Torsion 
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or coalescence of the alloy particles could be expected when the material 
was held at 400F for 200 hr. This was evident from the reduction of yield 
strength and modulus of rupture after aging at 400F. One factor in the 
_ reduction of strength of unaged specimens at 400F as compared with those 
tested at 200F. probably was the aging occurring during the 4% hr at 
temperature prior to loading. The additional time for overaging to take 
place during the slower tests may contribute to the fact that at 400F 
the reduction in strength with decrease in speed of testing was more 
pronounced for specimens tested after % hr at temperature than for 
specimens aged 200 hr. 

At 600F the overaging seems to have progressed to completion within 
the 14-hr conditioning; further aging for 200 hr did not show any sig- 
nificant effect on the strength at this temperature. 

The ductility, like the strength, is affected by overaging; during this 
process the coalescence of alloying elements precipitated out of solution 
by aging leaves these particles no longer sufficiently distributed through- 
out the matrix to restrict the slip. This change increases ductility as well 
as decreasing the strength. The effect of aging on strain (shown im 
Fig. 18c) is therefore consistent with that observed for strength. The ap- 
parent differences between ductility for aged and unaged specimens for 
600F tests are probably the result of plotting averages, each based on 
two or three events which are part of a widely distributed population. 
For example, Fig. 18e shows the strain data for each of the individual 
specimens of 75S-T tested at 600F. This graph illustrates the scatter 
in the points from which the averages plotted in Fig. 18¢ were obtained. 
The heavy solid curve in part e is the curve from part ¢ through the aver- 
age points for unaged specimens, and the broken curve is for aged speci- 
mens. The light-weight curve is sketched in to show an average trend of 
the data for both aged and unaged specimens. It appears likely that this is 
more representative of the general material behavior than the results 
plotted for the two small groups of specimens. The scatter in the strains 
measured for the individual specimens at the three lower temperatures 
was very much less than at 600F. Therefore it appears likely that the 
large apparent effect of aging on strain at 400F was real, whereas the 
smaller apparent effect at 600F was probably not real but due mainly to 
chance effects in sampling and testing. 

248-T Aluminum Alloy. The effects of the 200-hr aging heat-treat- 
ment on the strength and ductility of 248-T aluminum alloy are illus- 
trated in Fig. 17. It can be seen that there was a decrease of strength 
at 400F and 600F and accompanying increases in strain as compared with 
the specimens which were not given the 200-hr heat-treatment. 
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The temperature of 400F was only slightly over that for optimum 
strength from aging; therefore for the tests in which the specimen was at 
this temperature a short time, the only effect was a slight amount of 
beneficial aging. However, after 200 hr, overaging had begun at 400F 
with a reduction of strength and ductility evident. At 600F, overaging 
had no more than begun in the short time tests so that there was little 
if any overaging. The increase in strain probably was due chiefly to 
softening and recrystallization during the test. After the 200-hr heating 
at 600F, probably complete overaging had occurred, reducing the strength 
by about 50 percent and increasing the strain by a large factor. The — 
pattern observed for the variation of strain in 24S-T aluminum alloy 
specimens tested at 600F in this overaged condition was identical to that 
for the 75S-T aluminum alloy. For the 75S-T it was observed that over- 
aging was complete at 600F in both aged and unaged specimens (see 
Fig. 18e) whereas for 248-T the longer holding time was required for 
overaging. This temperature was relatively higher above the aging tem- 
perature for 75S-T (250F) than for 248-T (375F); therefore, overaging 
was more rapid in the 75S-T. A difference could be expected because the 
different alloying elements employed in the two alloys would come out of 
the supersaturated solution at different temperatures or at different rates 
at a given temperature. 

The peculiar loss of high-temperature ductility at the slower strain- 
rates did not occur in the unaged specimens of 24S-T where the coales- 
cence of the precipitated particles was not complete. However it did 
occur in 248-T when conditions were right for complete overaging (i.e., 
200 hr at 600 F). An explanation of this behavior on the basis of different 
rate effects in the crystal grains as compared with the grain boundary © 
material was given in Section 8d. In this discussion ductility was asso- 
ciated with slip and fracture through the grain itself at one speed; 
loss of ductility with a decrease in speed was associated with frac- 
ture following the grain boundaries. This behavior seems consistent with 
the presence of accumulations of foreign (solute) atoms along the grain 
boundaries. 

Steel. There was no reason to expect the 200-hr aging treatment to 
have a marked effect on the SAE 1018 steel. The only possible change 


might be a quench-aging resulting from air cooling after the hot-rolling 


operation that would be accelerated slightly by the 200-hr heating. 
Tempering at 1130F should have eliminated the possibility of further 
quench-aging in the SAE 4340 steel at lower temperatures. 
Comparisons between the open circles and the solid circles in Fig. 15 
for 1018 and Fig. 16 for 4340 indicate that if an aging effect were present 
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it was too small to be distinguished from the normal scatter inherent in 
the experimental measurements for temperatures of 1000F and below. 
The differences in ordinates observed in Fig. 15¢ between aged and un- 
aged specimens tested at 1000F appears to be a chance effect as in the 
case of 75S-T aluminum at 600F. Fig. 15f shows the points representing 
strain plotted for the individual specimens of 1018 steel tested at 1000F. 
This condition gives rise to large differences in observed strain, suggesting 
_ aneed for more than two or three samples to obtain a reliable mean value. 

Tests of the specimens of 4340 steel aged at 1200F exhibited lower 
strengths and greater ductility than specimens which were at tempera- 
ture only 1% hr before testing. Since the 1200F was above the tempera- 
ture (1130F) at which the 4340 steel was tempered, it is not surprising 
that the 200-hr aging treatment at this temperature did tend to soften 
_ the steel. 

Apparent effects of aging on the yield point ratio observed for 1018 
steel in Fig. 15e (and in Fig. 20g for titanium) also are likely to be due 
to chance since any deviations which occur are exaggerated by subtrac- 
tion of two numbers of the same relative magnitude (Y.P. Ratio — 1). 
The shapes of the torque-twist diagrams in the region of initial yielding 
were not altered by the 200-hr heat treatments. 

FS-1 Magnesium Alloy. Since this alloy was not solution heat- 
treated or quenched there was no possibility for precipitation or quench- 
aging. It was coldworked somewhat in the extrusion process but is not 
a strain-aging metal. The 200-hr aging treatment would not be expected 
to have an appreciable effect on the magnesium tested here and none 
was observed in Fig. 19. 

Titanium. Both titanium alloys were received in the annealed con- 
dition which would eliminate the possibility of either quench-aging or 
strain-aging being accelerated by the 200-hr heat-treatments given here. 
The titanium was aged in the bar stock form before specimens were 
-machined. Hence, any strain-aging of the outer layer that was cold- 
worked during the machining operation could not oceur during the aging 
treatment. It seems reasonable therefore that no significant aging effect 
would be expected in titanium, and none was observed in the results 
plotted in Figs. 20 and 25. 


i. Energy Absorption 

It will be noted by comparison of the trends which are observed for 
the influence of rate of strain and temperature on the modulus of rupture 
and the maximum strain that the energy absorbed by the specimen fol- 
lows a pattern that is a combination of the trends observed in the other 
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two properties. This follows directly because the relationship of the 
energy absorbed to twisting moment 7 and the corresponding angle of 
twist 6’ expressed radians, 1s: 


AE 
Energy in torsion - | T da’ (5) 
0 

The integral represents the area under the torque-twist curve up to the 
twist 6,’. For the shapes of diagrams obtained for the ductile metals 
reported here, the energy values were found to vary in close correspond- 
ence with the product of the maximum torque and the total angle of twist 
to fracture. Torque and twist are directly proportional to the modulus 
of rupture and the shearing strain to fracture, respectively. Discussions 
devoted to strength and ductility can be extended therefore to apply to 
the energy absorption for the same testing conditions. 

The influence of temperature and strain-rate on the energy absorbed 
by specimens of the seven metals is illustrated in part d of Figs. 15, 16, 
17, 18, 19, 20, and 25. Comparison of the data in these figures indicates 
that the steels and titaniums absorbed much more energy before fracture 
than did the aluminum or magnesium alloys. Because any change in one 
or both parameters produced opposite effects on the ductility and strength 
of these metals, any large change in one was modified by an opposite 


change in the other. Therefore no conspicuously large values of energy 
were observed. 


j. Deformation and Fracture Characteristics 


One of the advantages of the torsion test over the tension test or the 
notched-bar impact test is that the geometry and dimensions of the speci- 
men remain essentially unchanged during the deformation process. 
Specimens which are cylindrical before stressing remain cylindrical and 
without appreciable change in diameter or length. 

In general, deformation of the specimens tested in this project did 
follow this pattern, and fracture occurred at or near the center of the 
gage length as a sharp clean break in a plane perpendicular to the axis 
of the specimen. Just prior to fracture at the highest temperatures and 
slowest speeds there was a small contraction in area at the section where 
fracture was impending, and there was a corresponding increase in length. 
Usually a small thread of material held on in these cases after the larger 
portion of the section had separated. 


For both RC-70 and RC-130-B titanium, there was evidence of non-_ 


homogeneous longitudinal layers in the material before testing or which 
developed during the process of deformation. Plastic deformation in tor- 
sion caused the surface of titanium specimens to warp or form ridges and 


Bul. 420. METALS IN TORSION 67 


valleys similar to very smooth coarse-pitch screw threads. The pitch 
of these “threads” was in inverse proportion to the total twist before 
fracture and therefore was smaller for specimens tested at the higher 
_ temperatures and lower strain-rates as indicated in Fig. 20c. Figure 26 
shows a photograph of broken specimens of RC-70 titanium as an ex- 
ample of this non-homogeneous deformation. The appearance of the 
deformed specimens of RC-130-B was the same. Specimens of all other 
materials remained essentially cylindrical during the deformation process. 


Fig. 26. RC-70 Titanium Specimens Broken in Second Speed Tests 
Actual size. Top specimen tested at 1000°F; lower at 700°F. 


In tension tests the cross-section of the titanium specimens became 
elliptical in the zone where plastic deformation was large. The major axis 
dimension of the ellipse at the fracture surface was about 20 percent 
ereater than the minor axis dimension. 


k. Shape of the Torque-Twist Curves 

Figure 27 illustrates the effect of elevated temperatures on the shape 
_of the torque-twist curves for the seven metals studied. Curves shown are 
for the highest strain-rate. At the slower speeds of straining, less drop 
in torque was observed at the yield point, somewhat greater decrease in 
torque occurred after the maximum was reached early in the test, and 
there were considerable variations in strength and ductility as discussed 
earlier. Some further details on the shape of the curves for particular 
conditions are included in Section 9. 

The mode of fracture progression that occurred controlled the shape 
of the final portion of the torque-twist curves. At the lower temperatures 
the failure was sudden and the torque dropped so rapidly that the photo- 
eraphic paper could not record the descending trace; it showed instead 
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Fig. 27. Torque-Twist Curves for Fourth Speed Torsion Test of the Seven Metals Tested 


Bul. 420. METALS IN TORSION 69 


the torque immediately before fracture and the zero torque immediately 
after fracture. At higher temperatures and slow speeds the final failure 
was less sudden and the records showed that the torque gradually tapered 
off to zero. 

Continuous torque recordings (Figs. 23 and 24) for tests of SAE 1018 
steel at 400F and 700F exhibited the jagged contours characteristic of the 
material behavior in the blue-brittle range. This recurring process of 
buildup and sudden drop of torque is not so clearly observed in larger 
specimens where an averaging tendency masks out the individual jumps. 
Hall“® watched this process in thin strip specimens and could trace the 
advance of a Liiders band with the drop in stress followed by a buildup 
as soon as one band was arrested. When the stress reached a sufficiently 
large magnitude, a new Liiders band darted through the metal, etc. This 
phenomenon is observed only for a limited range of combinations of 
temperatures and strain-rates; it is undoubtedly related to the rates of 
strain-aging and of slip within the crystal-structure. Portions of records 
from torsion tests are shown for all four strain-rates for tests at 400F 
and 700F in Figs. 23 and 24. The appearance of the irregularities is also 
influenced by the rate of travel of the paper in the camera of the oscillo- 
graph as compared with the rate of strain in the specimen. The torque 
scale, the time intervals and the twist increments are labeled to aid in 
interpreting these records. 

Figures 21 and 22 show the initial portions of records for RC-70 
titanium illustrating the yield point phenomenon observed. For several 
conditions the yield portion of the torque-twist curves for RC-130-B 
titanium was almost flat or dropped slightly. In these cases the offset 
yield strength differed only slightly from the lower yield point. 


l. Comparative Strengths of the Seven Metals 

The comparative yield strength and modulus of rupture for the seven 
metals in torsion at different elevated temperatures can be seen from the 
results plotted in Fig. 28. Data from tests at only the highest and lowest 
rates of strain are shown. These curves show that the strength of RC- 
130-B titanium alloy at elevated temperatures is comparable to that of 
the SAE 4340 steel with some differences resulting from different strain- 
rate effects. These two metals stand out above the others on the basis 
of yield strength and modulus of rupture. RC-70 titanium ranks next 
for all conditions. On the basis of yield strength at slow speeds 75S-T 
and 248-T aluminum alloys are comparable to the RC-70 for portions of 
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the temperature range, but the aluminum alloys are very weak at 600F 
or above. The yield strength of SAE 1018 steel was low at room tempera- 
ture compared to the other metals but was reduced very little by ele- 
vated temperature, so that it ranked more favorably with increasing 
temperature. 

The two aluminum alloys lost strength rapidly at and above 400F, 
but the strength of 24S-T was reduced less than the strength of 75S-T. 
The FS-1 magnesium alloy ranked lowest in strength at all temperatures 
which were tested. 

The data in part a of Fig. 28 are replotted in part c¢ in terms of the 
modulus of rupture divided by the specific gravity. This illustrates the 
relative shifts in curves when evaluated in terms of the strength-weight 
ratios. The RC-130-B titanium alloy apparently stands out above all 
others for the whole range of variables. 

It should be emphasized that the temperatures of testing indicated 
in the figures were those at the start of a test but that isothermal con- 
ditions could not be maintained for the high speed tests. At the 
two highest strain-rates, the specimens probably experienced some adi- 
abatic temperature rise during the deformation process. No correction 
has been attempted in interpreting the data since the temperature rise 
would not be uniform over the specimen cross-section and not readily 
determinable. However, rough calculations based on an average energy 
dissipated per unit volume in fracturing a specimen at the highest strain- 
rate indicated that in “room temperature” tests a rise of 30 to 100 deg 
might be expected in aluminum, magnesium and 4840 steel alloys; 
whereas in the tougher materials like titanium and low carbon steel an 
increase of the order of 250 deg might occur before fracture. Since large 
variations in energy absorbed were not observed at the speeds where this 
adiabatic effect was appreciable, the increment of temperature would be 
approximately of the same magnitude for all temperatures reported. It 
also should be noted that only a small portion of any adiabatic increase 
in temperature would occur for small strains. 


m. Influence of Structural Changes on Experimental Observations 

In analyzing the significance of data of the type discussed in this 
chapter, it is common practice for engineers to plot two-dimensional 
curves and draw conclusions regarding the relation between two variables 
for conditions in which the third variable is held constant. For example, 
one may plot the strength (either yield strength or modulus of rupture) 
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vs the strain-rate for a given fixed temperature. When this is repeated for 
a second (perhaps higher) temperature of testing, the general trends ob- 
served as the strain-rate is increased may be entirely contrary to those 
indicated by the first chart. This immediately leads the investigator to 
suspect errors of observation or variability of material. It is not immedi- 
ately obvious why the same change in strain-rate may decrease the 
strength at one temperature yet it will cause an increase in strength at. 
a higher temperature. 

However, metallurgical instability and marked changes which occur 
in the properties of the material during a test make it impossible to draw 
logical conclusions from limited observations of this nature. It is believed 
that a study of the reasons for the hills and valleys shown on the three- 
dimensional surfaces of the types shown in Fig. 15, and the similar charts 
plotted for the other metals, gives a much clearer picture of the inter- 
action of the three variables involved. 

The final test data must be considered to be influenced by “time- 
dependent” as well as by nearly “time-independent” phenomena accom- 
panying the structural breakdown of the material. For example, the 
exhibition of upper and lower yield points by metals such as low carbon 
steels and titanium is a process that is influenced by time (or by strain- 
rate) as shown by many different experimenters. ‘1+ 1% 19 25 33, 89, 79, 100, 120) 
Theories of dislocation and diffusion processes indicate that this time- 
dependence is markedly influenced by an alteration in temperature of 
testing. 

We might visualize an interaction of two effects as shown diagram- 
matically in Fig. 29. The trend of Curve A represents for a stable ma- 
terial the relative strengths that may be expected as the strain-rate is 
increased. However the material may simultaneously undergo an aging 
phenomenon, a precipitation of hardening constituents, or some other type 
of diffusion process (which in the dislocation theory might be visualized 
as a progressive blocking of dislocations). One might represent by Curve 
B a second contribution to the strength caused by these time-dependent 
changes. That is, for the slower strain-rates, more time is available for 
strengthening by aging to occur; hence, Curve B indicates a gradual in- | 
crease in the strength as the strain-rate is decreased. If these two differ- 
ent phenomena contribute simultaneously to the strength of a metal, the 
resulting strengths observed would follow some curve such as C which 
represents the sum of the ordinates to Curves A and B. Curve C would — 
then apply for only one fixed temperature (say 80F). If the temperature 
‘iibeakad Le coapaeate ei a eee eee to the strength by the 
Ree ee ks e drastically reduced. That is, the stimulation 

y processes by elevated temperature will result 
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in Curve B being depressed to a lower level such as is shown by Curve D. 
Thus, at an elevated temperature, the net effect of strain-rate on the 
strength may be represented by Curve E which exhibits somewhat differ- 
ent characteristics from those of Curve C for the lower temperature of 
testing. Two-dimensional plots of the data show these two types of varia- 
tion with increasing strain-rate for yield strength and modulus of rupture 
for several of the metals tested. It is believed that these trends are repre- 
sentative of the behavior of the material, not inconsistencies in test data. 


—~<—Flapsed Time 


Relative Strength —> 


Si 
Constant Temperature 


Increasing Strain kate —>= 


Fig. 29. Contributions to the Relative Strength Caused by Time-Dependent 
and Temperature-Dependent Changes During Testing 


The ductility (or total angle of twist) observed during a torsion test 
is also influenced by a number of these same instabilities in the structure 
of the metal. Deformation may occur by a number of basic processes such 
as follows: (1) slip; (2) twinning; (3) fragmentation and elastic bending 
of crystal lamellae; (4) grain boundary movements. It should be pointed 
out that there are no fundamental data available to indicate what it is 
that limits the capacity of a metal for deformation or causes the onset 
of fracture. It has been suggested‘* ** 1!) that the primary effect of eold- 
working a metal is to decrease the mean size of the crystals and thereby 
raise the elastic strength. Wood) has proposed that there is a limiting 
crystallite size below which further deformation and fragmentation of 
the crystal cannot take place. However an increase in the temperature 
should correspondingly alter the limiting minimum stable fragmentation 
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size because of the increased activity in place change of atoms and the 
ereater freedom of mobility for recovery and recrystallization processes. 
Certainly the grain boundary movements and transient creep may be 
expected to increase greatly the observed deformations at elevated 
temperatures if sufficient time is available during the test for these effects 
to become pronounced. On the other hand it has been observed in long 
time creep tests at elevated temperatures that metallurgical changes in 
the material or changes in the mode of fracture sometimes result in 
greatly reduced ductility. 

During testing, changes may occur that are dependent upon diffusion 
of atoms through the matrix by processes referred to by various names 
such as relaxation, recovery, recrystallization, aging, precipitation, etc.; 
these are all time-dependent and are markedly sensitive to changes in 
temperature. On the other hand the deformation processes of slip, twin- 
ning, elastic bending of lamellae and fragmentation are probably in- 
fluenced to a much lesser degree by time effects and may be only mildly 
altered by changes in temperature. Thus in considering the ductility char- 
acteristics observed in the present tests, one must again visualize the com- 
plete interaction of temperature and strain-rate on a given metal since the 
relative effects observed at one temperature of testing may be entirely 
reversed at a different temperature of testing. 

For example, in Fig. 15g the greatest ductility was developed at the 
highest strain-rate when strains at 400F were compared; whereas when 
a similar comparison is made at 1000F, the greatest ductility was ex- 
hibited by the specimens tested at the lowest strain-rate. If the data 
plotted in Fig. 18¢ for 75S-T were examined in the form of two-dimen- 
sional graphs, one might question the consistency of the data for 758-T ~ 
aluminum alloy at 600F. The tests conducted at the highest and lowest 
strain-rates exhibit roughly the same amount of ductility, whereas those 
run at the two intermediate strain-rates show extremely high ductility. 
However, the complete three-dimensional picture of the variation of total 
strain with temperature and rate of strain shown in Fig. 18¢ indicates 
that this greater ductility at the intermediate strain-rates is entirely con- 
sistent both for the material aged 200 hr at the test temperature and for 
that held at temperature only 1% hr before testing. Therefore it becomes 
difficult to draw general sweeping conclusions about the effect of altering 
either temperature or strain-rate separately without considering the inter- 
action of both parameters. 

In view of the time- and temperature-dependent instabilities and con- 
tinuous change of metallurgical structure which occurs while the metal 
is being tested, it becomes apparent that no simple single equation of 
state can adequately express the effects of strain-rate and temperatures 
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on either the strength or the ductility of a metal. If one deals only with 
temperatures for which the materials are entirely stable, such an equa- 
tion might be developed. However, even here the very process of defor- 
mation changes the crystalline structure; this break-up in crystal size 
and its effect on grain boundary reactions must certainly develop new 
instabilities such as anelastic after-effects or transient creep, which can- 
not be adequately expressed even for single crystals and certainly not 
for complex polycrystalline metals such as those commonly used for 
structural purposes. 


9. Correlation of Strain-Rate and Temperature Effects with Mathematical 
Theories 


As pointed out in the previous section it appears probable that no 
complete and acceptable theory can be developed to express all the effects 
of strain-rate and temperature on the mechanical properties of structural 
metals. Nevertheless, it was felt desirable to investigate the usefulness 
of several proposed relationships in expressing mathematically the varia- 
tions observed in data from these experiments. In this section the modi- 
fications necessary to adapt these equations to the torsion test are 
discussed, and a comparison is made between the experimental data and 
several mathematical functions which include parameters to express the 
influence of strain-rate and temperature. Some of the detailed concepts 
and mathematical equations are presented in Appendices B and C and 
only the essential final equations are discussed here. 


a. Simplifications Used 

Theoretical considerations for correlation of data of this type are 
usually intended to determine mathematical expressions relating the flow 
stress to the strain, rate of strain, temperature and certain material con- 
stants. The equations developed are generally stated in terms of the 
“true stress” in tension. For direct application to the torsion test, these 
expressions can be rewritten in terms of shearing stress, shearing strain, 
and shearing strain-rate. However, it would be more convenient in 
analysis of the present data to work in terms of applied torque instead 
of shearing stress. Arbitrary substitution of torque for stress does not 
seem justified since it is known that the two are not equal or even pro- 
portional during plastic deformation. 

For the plastic range, Eq. A20 of Appendix A can be used to evaluate 
the shearing stress at the surface of a specimen. This equation for the 
shearing stress 7 includes a constant coefficient, K, = rc’, a term in- 
volving the torque 7, and a term involving another variable torque, To. 


Lia Ky (4T = To) (6) 
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If 7, were negligible with respect to 47' or if 7’) were directly proportional 
to T then the substitution of a constant times T for + would be permis- 
sible. However, in most cases 7) is not negligible compared with T. 
Neither is 7’) always directly proportional to T. Nevertheless, computa- 
tions have shown that for a given or constant 6 (of the magnitudes ex- 
amined in the three following sections), the amount by which 7, differed 
from being proportional to 7 was small enough compared with 47 that 
valid observations for the plastic range were possible by using the fol- 
lowing simplification® : 


Ti = AOT (7) 
7) 

In order to substantiate this reasoning the same types of plots as those 
shown in Figs. 30 to 34 were constructed for representative sample con- 
ditions. The curves resulting showed the same trends and scatter when 
values of 7’ were plotted as when the more rigorous analysis employing 
values of the shearing stress + were used. 


b. Equivalent Strain-Rate Parameter 


A quantitative relation between the effects of temperature and strain- 
rate was suggested in 1944 by Zener and Hollomon.“2* 12) The flow 
stress o at a given strain « was expressed by the function 


A Wiki ACL liad oh Le 29) (8) 


where ¢ is the rate of strain, R is the universal gas constant, and Q is a 
constant depending on the material. For low temperatures Q has been 


measured to be about 10,000 cal (gm mol)-! for several steels” and — 


since FR is 1.987 cal deg mol", the exponent becomes roughly 5000/7. 
The parameter P then has the value 


P = € ¢500/7 (9) 
Here P is a strain-rate modified by a coefficient which is a function of 
temperature, or P is an “equivalent strain-rate.” Using Q as 10,000, this 
concept was tested with the present data for SAE 1018 steel and found to 


give too little weight to the effect of temperature. For elevated temper- 
atures, however, Q is probably not a constant but depends on stress and 


et 


Bul. 420. METALS IN TORSION 77 


temperature as well. By trial and error selection a magnitude can be 
found for Q to cause the data to fall along a fairly smooth curve. 
Figure 30 shows the torque corresponding to a shearing strain of 0.50 
in./in. for SAE 1018 steel plotted to log scale against the parameter P 
based on Q/R = 40,000. 

Since a small variation in temperature produces a larger effect than a 
fairly large increment of strain-rate, it appears that if the combined 


fee 10 10 20 107" /0 40 (07? 10 60 
p= ye 14,000 
TK 


Fig. 30. Variation of Torque at Shearing Strain Y = 0.50 in./in. with 
the Parameter P for SAE 1018 Steel in Torsion 


effects are to be expressed in terms of only one parameter, this parameter 
should be more closely associated with temperature, with an appropriate 
factor to account for strain-rate effects. One attempt to develop such a 
parameter is discussed in Appendix C and in Section 9d. 


c. General Equation for Flow 
The general expression for flow stress as a function of strain, strain- 


rate and temperature proposed by Hollomon and Lubahn (Eq. B4 in Ap- 
pendix B) is: : 


€ 


ae care( Vat (PF Tn Ine) (10) 


€0 
Correlation of the effects of rate of strain and temperature with the 
present data can be examined by use of equations B11, B12, and B13 of 
Appendix B. Of these, Eqs. B12 and B13 can be modified by the simpli- 
fication for shearing stress in the torsion test given in Eq. 7. Written in 
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logarithmic form and calling the constants C; to C, we have 


In + = (OF -- Gs In Y (11) 
7,TR 

er =(3+ C,lny (12) 
y,TR 

in of =C;+ Cs Tr (13) 
ROSY. 


Constant Strain-Rate and Temperature. Equation 11 is the conven- 
tional true stress-strain equation for plastic flow, s=ae’ and can be 
verified by construction of the torsional stress-strain curves to log scale 
for the individual specimens. These curves for at least one specimen of 
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Fig. 31. Plastic True Stress-Strain Curves for Torsion; Strain Rate 0.005 in./in./sec 


Bul. 420. METALS IN TORSION 79 


each material are shown in Fig. 31. These curves are considered to be 
typical and can therefore be accepted as checking the theory, except for 
the following excluded cases: 

1. For tests in which a yield point was observed, analysis by means of 
Eq. A20 of Appendix A for the region of initial yielding was not 
attempted, so that for this portion of the plastic strain Eq. 11 was 
not verified. 

2. In no case was the relation verified for the portion of the deforma- 
tion after the maximum torque had been reached. This occurred 
relatively late in the test for each metal except at the higher tem- 
peratures. 

3. In RC-70 titanium it was observed that in the torsional testing 
there was a tendency for considerable strain after the maximum 
resisting torque had been developed. This was not the case for 
RC-130-B titanium alloy. The proportion of the total strain that 
occurred during the period of decreasing torque for RC-70 was 
larger for the higher temperatures and for the lower rates of strain. 
The flow equation (Eq. 11) was applicable only to the increasing 
portion of the curve. 

4. For RC-130-B the stress determined by use of Eq. A20 seems to 
increase slightly more rapidly with respect to strain than predicted 
by Eq. 11 for the specimens for which these curves were drawn. 

Constant Strain and Temperature. Equation 12 relates the effect of 
strain-rate y to the flow stress or torque for a constant shearing strain y 
and at constant temperature 7'p. This equation indicates a linear rela- 
tionship to exist between In 7 and In y. Hence, if In T for constant y 
and constant T'z is plotted vs In y and the experimental values fall on a 
straight line, Eq. 12 is satisfied. Since the speeds employed in the present 
tests differed by factors of 50 to 1, the speed numbers can be used to 
represent the logarithm of the strain-rate. 

In Fig. 32 the torque is plotted to a log scale vs the speed. Each 
point represents the average of the results obtained. Data are shown 
for two values of shearing strain for each material (that is, y equals 5 
percent and 50 percent for steel and titanium, and 2 percent and 20 per- 
cent for the aluminum alloy). Several other strains were also studied with 
results similar to those shown. 

The curves obtained are nearly straight for all temperatures for the 
values of y checked. Therefore, it can be concluded that the function 
which expresses the variation of the logarithm of stress or torque with 
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the logarithm of strain-rate is very nearly linear for all seven metals 
tested. Although the graphs for specimens which were given the 200-hr 
aging treatment have not been included here, these data were studied and 
the variation of In 7 with speed was also found to be linear, even for 
the aluminum alloys tested at temperatures at which the effects of the 
aging treatment on the strength and ductility were large. 

These data indicate then that although the effect of strain-rate is not 
large in general, the variations in strength with changes in strain-rate 
~can be predicted fairly well by the relation: 


hi = Cy (14) 
7,TR 
for all seven metals at all temperatures investigated. In this expression 
c, and c, depend on the strain, temperature and material. It will be noted 
that particularly close agreement was observed for the SAE 4340 steel 
which is shown in Fig. 32. 

Constant Strain and Strain-Rate. Equation 13 relates the torque or 
stress to the temperature for constant strain and strain-rate. The loga- 
rithm of the torque 7 is expressed as a linear function of the absolute 
(Rankine) temperature 7’. This can be checked readily by plotting the 
torque to a log scale vs Tr or, more conveniently, vs the F temperature 
T, since Tr = Ty + 459.6°, with the difference between Tr and Tr in- 
cluded in the constant c; in Eq. 13. 

Some of the data which have been plotted in this manner are included 
as Fig. 33. The trends of the points in general appear to form rather 
definite curves which cannot be considered linear. Therefore it must be 
concluded that Eq. 13 is inaccurate in expressing the variations of 
strength properties caused by temperature changes. For the two titaniums 
the trends were more nearly linear, particularly at the faster speeds. How- 
ever, considerable variations from the straight lines were observed at the 
slower speeds. For SAE 4340 steel the trends were essentially linear up 
to 700F, but wide differences were evident for higher temperatures. The 
patterns in which test points fall for aged specimens were similar to those 
shown for the unaged specimens. 

These data indicate that (with the possible exception of titanium) the 
effect of temperature for the ranges of variables studied here did not con- 
form well with the theoretical relation expressed in Eq. 18. The reason for 
this inaccuracy may be attributed to such actions as precipitation and 
coalescence of solute atoms at certain temperatures and to strain-aging. In 
other words, the properties of these metals changed somewhat during the 
_ progress of the test and could not be expressed by a single simple equation 
that is independent of the parameter of time. 
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The behavior of titanium was more nearly predicted by the theory; 
this is further evidence that the types of aging phenomena observed in 
the other two metals were not present (or they were less significant) 
in the titanium. 


d. Velocity-Modified Temperature Parameter 

The velocity-modified temperature proposed by MacGregor and 
Fisher“ ** 7 is briefly discussed in Appendix C. The data with which 
this concept was originally tested“ *® seemed to support the hypothesis 
even for some instances in which ultimate stresses or yield stresses were 
used instead of the flow stress as expressed by the theory. 

On the basis of the simplification discussed previously in Eq. 7, this 
concept may be expressed here in the form: 


by = f(T n) (15) 
7 


where 
T = torque at given shearing strain y 
T,, = velocity-modified temperature 


The defining equation for the velocity-modified temperature is: 


(roam) (1 — kin Pe) (16) 
Yo 

In this relation the slowest strain-rate was selected as. the reference 
strain-rate for this investigation so that yo = 0.0001 in./in./sec. The 
k values chosen to fit the data to the smoothest possible curves were found 
to be: 

k = 0.010 for SAE 1018 steel 

k = 0.010 for SAE 4340 steel 

k = 0.010 for 24S-T aluminum alloy 

k = 0.015 for 75S-T aluminum alloy 

k = 0.020 for FS-1 magnesium alloy 

k = 0.030 for RC-70 titanium 

k = 0.015 for RC-130-B titanium alloy 


For each metal the data were examined by plotting the torque vs T'm 
for the averages of at least three values of strain. One of these charts 
for each metal is included in Fig. 34. From these graphs it can be seen 
that there is general agreement with the theory, since the points group 
fairly well around a relatively smooth curve that has been sketched in 
to follow the average trend. The shapes of the curves thus obtained are 
not the same for different metals; however no attempt 1s made by the 
theory to predict the shape of the curve. 
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Fig. 34. Variation of Torque at Constant Shearing Strain with the Parameter Tm 
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Correlation was noticeably poorer when the yield strength or the 
modulus of rupture was plotted instead of flow stress or torque at constant 
strain. A very broad band was required to envelope the points thus 
_ obtained, although the general course followed by the band was similar 
to that for the curves shown in Fig. 34. 

These data indicate that for all metals studied it is possible to approx- 
imate the effects of both strain-rate and temperature in terms of a single 
_ parameter, the so-called velocity-modified temperature, for the range of 
variables investigated. No simple relationship resulted, however, between 
this parameter and the flow stress or torque for a given twist. 


_ 10. Correlation with Other States of Stress 

In the opening section of this report it was pointed out that one of 

the problems encountered in utilizing the results obtained in any series of 
experiments is to know how to interpret the data for applications involv- 
ing somewhat different conditions. Results of the torsion tests reported 
here, in which the state of stress was biaxial, would not be expected to 
conform exactly with data from uniaxial tension or bending tests or from 
triaxial stressing. 

It is beyond the already broad scope of this project to develop means 
of applying the results obtained here to cases for which other conditions 
are encountered. However, it seems worth while to point out some of the 
tools already available which might contribute to more general applica- 
tion of these data. 

One method for correlation of properties of materials subjected to 
different states of stress is on the basis of stress-strain characteristics. In 
order to make this type of correlation, the generalized, effective or signifi- 
cant true stresses and strains must be computed for the given stress 
- conditions. Assuming that the corresponding principal stresses and strains 
~ are known or can be determined, the generalized stresses ¢ and strains € 
_ are defined as follows: 


al 
I 


# ; [(o1 — 02)? + (o2 — 93)? + (63 — a1)?| (17) 


and 


€= Aes (e.? +e? + €3”) (18) 


where oi, o2 and o3 are the three true normal principal stresses and «1, € 
and e; are the true normal principal strains. 
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For pure tension o2 =o; = 0 and e& = 6 = —ye. Using poissons 
ratio, » as 14, the expressions for generalized stress and strain, Eqs. 17 
and 18 reduce to: 

(19) 


€= é (20) 


al 
I 
a 


For pure shear in torsion, o1 = —o3; = 7, and o2 = 0, where 7 is 
the shearing stress. The generalized stress for this case reduces to: 


t=V 31 (21) 


The strains for torsion are related in the same manner, 1.e., « = —63, 
e = 0, and y = « — «. y is the shearing strain computed by the rela- 
tion c@/l as discussed in Section 7a. Making these substitutions the 
equation for generalized strain reduces to: 


2 1 


e= 73 en wink oY (22) 


Equations 21 and 22 may be used for correlation of the torsion test data 
with the stresses and strains for a uniaxial stress condition. Somewhat 
more complex relationships may also be derived from Eqs. 17 and 18 
for other combinations of principal stresses encountered in a service 
condition. For these, the values of the effective or generalized stresses 
and strains (¢ and €) may be predicted from the torsion test data by 
means of Eqs. 21 and 22. 


IV. SUMMARY AND CONCLUSIONS 


An experimental study was made to determine the effect of rate of 
strain and of elevated temperatures on the mechanical properties of seven 
different structural metals in pure torsion. Prepared samples were tested 
at four constant rates of strain in the range from 0.0001 to 12.5 in./in./sec 
and at four temperatures ranging from room temperature to various 
maximum temperatures up to 1200F, depending on the type of alloy 
studied. Values of the torque, angle of twist and time were continuously 
recorded automatically to provide data from which the usual torsional 
properties were computed. 

The experimental data were analyzed in terms of the basic mecha- 
nisms controlling behavior, and the effects of the two parameters were 
compared with mathematical theories in the literature. From the results 
of this study the following conclusions are summarized: 

1. Increasing the temperature caused the yield strength and modulus 
of rupture to decrease and caused the angle of twist to fracture to increase 
for all materials and for all rates of strain except (a) in the blue-brittle- 
ness temperature range for steel, and (b) in the temperature range for 
aging of aluminum. 

2. Increasing the rate of strain usually caused some increase in 
strength but to a lesser degree than that caused by decreasing the temper- 
ature. However, increasing the rate of strain had a pronounced effect on 
ductility. The greatest ductility was observed at the highest temperature 
and slowest rate of strain except as noted in items 7, 15 and 16 below. 

3. The rate of increase of flow stress 7 (or torque 7) at a given 
strain-rate y, can be expressed with a good degree of accuracy by the 
equation 

= cy? 
7, TR 


where c, and cs are constants which depend on the material, the tempera- 
ture and the amount of strain. 

4. The rate of increase of flow stress + (or torque) at a given strain 
with increase in temperature for titaniwm can be expressed approximately 
by the equation 

= jelTx (23) 
V7 
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for y = 0.005 in./in./sec where j and h are constants which depend on 
the material, strain and strain-rate. 

5. With increase in temperature for the other metals at all speeds 
(and for titanium at y = 0.0001) the rate of decrease of flow stress + (or 
torque 7) for a given strain did not conform with the behavior predicted 
by the Eq. 23. The shape of the curve (In 7 vs temperature) was different 
for each different temperature. 

6. It is possible to express the effects of both strain-rate and tempera- 
ture in terms of a single parameter such as the velocity-modified tempera- 
ture 7, and get a smooth curve for flow stress or torque at a given strain 
when plotted vs Tm. The shape of the curve obtained was different for 
each metal studied and did not appear to be readily expressible in mathe- 
matical form. 

7. At certain elevated temperatures beginning at about 400F, a reduc- 
tion of ductility and a slight increase in strength were observed for SAE 
1018 steel. This is usually referred to as blue-brittleness. 

8. The absolute (Rankine) blue-brittleness temperature Tr for SAE 
1018 steel was a function of the rate of shearing strain, and can be 
expressed roughly by the equation 


32,500 
28.2 + In + 


for the present data and for that of two other investigators. 


9. The torque-time records obtained in the blue-brittleness range 
exhibited the jagged or erratic contours typical of the variations in flow 
stress developed by the strain-aging phenomenon. 

10. The specimens of SAE 1018 steel tested at room temperature 
exhibited a yield point in the ordinary tension test, and a sharp yield 
point was observed in the more rapid torsion tests at the lower tempera- 
tures. The ratio of the upper to lower yield point torques observed was | 
found to decrease with an increase in temperature, and decreased or 
disappeared at the lower strain-rates. 


11. The specimens of RC-70 and RC-130-B titanium tested at room 
temperature exhibited a definite yield point in the ordinary tension test. 
A pronounced yield point was also observed in the rapid torsion tests of 
RC-70 at elevated temperatures. The ratio of the upper to lower yield 
point torques observed at the highest strain-rate increased with an in- 
crease in temperature and decreased or disappeared at the lower strain- _ 
rates. The yield point observed in torsion tests of RC-130-B was less 
pronounced than for RC-70 titanium and not as consistent. 
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12. The properties of the titanium were more sensitive to changes in 
strain-rate than were the properties of the other metals. 


13. Specimens of steel, aluminum and magnesium remained cylindrical 
when deformed, and there was no appreciable change in their dimensions. 
The titanium specimens, however, tended to deform in such a manner 
that ridges formed on the surface and wound like screw threads around 
the circumference at large strains. 

14. Very large strains were developed before fracture in the specimens 
of 1018 steel, magnesium and titanium in tests at 0.0001 in./in./sec strain- 
rate at the highest test temperatures. These strains and temperatures 
were: 

1000 percent at 1000F for SAE 1018 steel 

800 percent at 600F for FS-1 magnesium alloy 
1200 percent at 1000F for RC-70 titanium 
3750 percent at 1000F for RC-130-B titanium 


15. The largest strains in SAE 4340 steel (800 to 1000 percent) were 
developed at 1200F in tests at 0.005 in./in./sec. 

16. The greatest ductility for the two aluminum alloys was about 800 
percent and occurred at 600F at a strain-rate of 0.25 in./in./sec (not at 
the slowest speed as for the metals listed in item 14). Marked. decreases 
in total angle of twist were observed for both the higher and the lower 
rates of strain. 

17. The 200-hr aging treatment (at the test temperature) in advance 
of the test had no appreciable effect on the strength or ductility of steel 
or titanium for any temperature up to 1000F or any strain-rate studied. 

18. Two-hundred hours at 1200F produced some increase in strain and 
some decrease in strength of SAE 4340 steel as compared with unaged 
specimens. 

19. The 200-hr aging treatment produced a decrease in strength and 
an increase in ductility for all speeds of testing of 75S-T aluminum alloy 
at 400F, and for 24S-T at 400F and 600F, but had no appreciable effects 
at other temperatures. 
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“APPENDIX A: DERIVATION OF THE EQUATION FOR 
SHEARING STRESS IN TORSION 


Computation of the actual shearing stress at any point in a member 
subjected to torsion can be made using. the well known 7 = Tc/J rela- 
tionship for only stresses which remain proportional to the corresponding 
strains. When this equation is used for torques exceeding the limit of 
proportionality the so-called stress resulting is not real but merely repre- 
sents the torque converted to stress units by dividing by the factor J/c 
which is a function of the cross-sectional area. 

It is possible, however, to develop a relationship expressing the true 
shearing stress at the surface of a cylindrical bar subjected to pure torsion 
as a function of the twisting moment, the angle of twist or shearing 
strain, and the rate of increase in moment with respect to twist or strain. 
This relation for torsion is similar to the equation for bending developed 
by Herbert. It is based on the assumptions of homogeneity and isot- 
ropy of the material and applied to a bar of uniform circular cross- 
section at a point sufficiently removed from the point of application of 
the load so that stress is not a function of axial position. 

The bar is subjected to a twisting moment or torque 7’ acting in a 
plane perpendicular to the longitudinal axis of the bar (see Fig. 35). For 
equilibrium the resisting moment on any normal cross-section must be 
equal to the applied twisting moment 


T = for. dA (Al) 


But by choosing dA as a ring of radius p and width dp the element of 
area is dA =2rpdp and we obtain 


T= 2r fx p’ dp (A2) 
0 


If the assumption is made that the shearing strain y, in each element of 
the cross section is proportional to the distance of the element from the 
central longitudinal axis for both elastic and inelastic shearing strains, 
then p and dp may be expressed in terms of shearing strain y,: 


gh 1 (A3) 
C Wh 
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r 


Fig. 35. Shearing Stresses in Torsion of a Round Bar 


where 
vy, is the shearing strain at a radius p 
y is the shearing strain at the surface where p=c 
then 
dp =—dy, (A4) 
46 
and 
Cc 2 
P= La) Yo" (A5) 
Y 


Substituting these values of p and dp in Eq. A2 and applying the 
corresponding limits to y, we obtain the relation: 


Y Cc 3 
P = on i s (=) peas (A6) 
0 ay; 


Since y and c may be treated as constants in the integration with respect 
to yp. Eq. A6 may be rewritten as follows: 


~~ T Y : 
-/ Tp Yop dy, (A7) 
27rc* 0 

But if it can be assumed that the shearing stress is some function of the 


shearing strain (and angle of twist to which the strain is propor-. 
tional), then 1 


T> = £(Y) (A8) 


There is no need to assume what that functional relationship is, but by 
using Eq. A8 and letting 


F(y,) = V°f(yo) = eT p (A9) 
Eq. A7 may be written as follows: | 
rat 


27c3 


4 / "Fy )dy, (A10) 
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Here the function F'(y,) is not known, so the integral cannot be evaluated 
directly. However by taking the partial derivative with respect to y 


we obtain: 
6 Y 6 y T 
= [randy = — (5) 
éy i: eer by \ 2rc3 aos 
or if we let 
[Fone = G(y_) (A12) 
it results that 
if 
ne card oT 
By Eo Sa Oe a (sy97 sy" us) (A13) 
Evaluating the left side of the equation for the limits given we have 
5 
eG oe (A14) 
and 
6 
5, [@@] = F@ =0 (A15) 
so that 
1 éT 
Ty = bores (sy27 ey a (A16) 
or 
1 6T 
Bi ai ae (sr nf i) Ope 


Equation A17 provides us with an expression from which we can de- 
termine the shearing stress 7 in the outer fibers for any y if we have test 
data from which to draw the curve giving the relation between the twist- 
ing moment 7’ and the shearing strain y in the outer fibers. 

By noting that 87'/dy is the slope of the T vs y curve and hence for 
any point P on the T-y curve 


OE Tt aed 
oy Y 


(A18) 


where 7’, is the intercept of the tangent on the 7 axis (see Fig. 36), we 
can substitute this relation in Eq. Al7 and obtain 


ea ier) 
ene (s7 sty See 
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if 
Fig. 36. Torque-Twist Curve for Defining To 


or 
1 
Ten ee) (A20) | 


Equation A20 gives the relationship in the most convenient form for 
use in determining + from the T vs y curve. However y = c6’/l where 6” is 
the angle of twist in radians in a length 1; 6’ = 6/57.3 where @ is expressed | 
in degrees so that y = c6/57.31 = K@ where K is a constant for a given’ 
specimen if the dimensions do not change during twisting. Since plots of 
T vs 6 were made as a part of routine calculations of data, true stresses 
computed were determined from the JT vs 6 curves available rather than 
replotting T vs y. 

In application of Eq. A20 to actual curves obtained experimentally it 
should be pointed out that difficulties are frequently encountered. In the 
case of the metals which exhibit a sharp drop in the torque at the yield 
point, the stress at the circumference as calculated by Eq. A20 would have 
an unreasonably large negative value due to the very high 7, for the 
falling portion of the curve. This is evidence of non-homogeneous yielding. 
Strain-aging which depends upon a function of time, temperature, and 
strain would lead to an inhomogeneity across the section which is a fune- 
tion of the strain. 

If the T vs y (or T vs 6) curve does not continue to increase all the 
way to fracture but passes through a maximum, the slope of the tangent, 
horizontal at this maximum point, would be zero. Hence, the term 87'/8y 
in Eq. A17 would go to zero giving the maximum stress: 


3 Pmax ; 
Tmax >= Oe (A21) 


Bul. 420. METALS IN TORSION 95 


The modulus of rupture was defined earlier in terms of the same 7 and 
c as: 


Dae C 2 {hes 
Modulus of rupture = ui ar ae (A22) 
By comparison of Eqs. A21 and A22 it can be seen that, for specimens for 
which a horizontal tangent was observed in the T vs 6 diagram, the actual 
maximum shearing stress is equal to three-fourths of the modulus of 
rupture. 


APPENDIX B: DISCUSSION OF A GENERAL 
EQUATION FOR FLOW 


A general expression relating stress, strain, temperature and strain- 
rate for plastic deformation has been proposed by Hollomon and 
Lubahn“” **» 72) and is based on a series of simple relationships among 
different pairs of these variables obtained by holding other pairs constant. 
These relationships are: 


g=A ee (B1) 
é,TR 

o= Be (B2) 
e,T'r 

Q/R = Tr(ln P — In €/é,) (B3) 


O,€ 


Equation B3 expresses the same relationships as the expression for the 
parameter P which is defined and discussed briefly in Section 9b. From 
these three relationships (Eqs. B1, B2 and B3) Lubahn‘) shows how the 
equation 


Sek TVS é 
ars cGre( ss ) erties) (B4) 


€0 


can be developed. In this equation C, D, E, F, G and é are constants of 
the material. 7p is the absolute temperature, ¢ is the true strain and ¢, the 
true strain-rate. The term G7?" is added to the equation as presented 
earlier, © 55) 


For constant ¢, Eq. 4 becomes 
o = CGTe(H)PPs (BHT) (B5) 
where H and I are new constants. However 
(H)??: = (H?)": = Ls (B6) 


where L is another constant. Combining the two constants, G and L 
which have the exponent T'z, we have the constant N and thus 


o = ONTr ¢(EtIT2) (B7) 
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Written in logarithmic form this becomes 


Ine=nC+TrInN+ (E+ 1TR) Ine (B8) 
which in terms of simplified constants W and M is 
Ineo=W+MTr+ (E+4+1Tr) ne (B9) 
For constant e we have 
Ineo=W+MTr+X+STR=U+VTr (B10) 


with simplified constants. 
For application directly to torsion, the two-dimensional relation ex- 
pressed in Equations Bl, B2, and B10 can be written as follows: 


“ie = ay? (BY1) 
7, Tr 
T = dy” (B12) 
7,Tr 
Ins =g thTr (B13) 
WY 


where a, b, d, g, h and n are material constants. 


APPENDIX C: DISCUSSION OF THE VELOCITY-MODIFIED 
TEMPERATURE PARAMETER 


In order to simplify the study of the influence of temperature and time } 
(or rate of strain) on the flow stress or stress at a given inelastic strain, 
it has been proposed that the number of significant variables may be: 
reduced. Since the effects of temperature and rate of strain are believed | 
to be interrelated, MacGregor and Fisher® *® have proposed that instead | 
of expressing the flow stress as a function of three variables, as: 


o = f(T, é, €) (Cl) | 


the first two could be combined in a “‘velocity-modified temperature” | 
T» leaving 


ae S(T mi; €) (C2) | 


An expression for determining 7’, was also proposed: 


Tm = Tx(1—kin =) (C3) 


where €, is an arbitrary reference strain-rate and k is a constant for the 
material selected (presumably by trial and error), so that when stress is” 
plotted vs 7’, a smooth curve results. This expression was developed 
from a theory proposed earlier by Eyring’) based on an absolute re-- 
action-rate and an expression of secondary creep developed by Kauz- 
mann. “?) 

This concept was examined by MacGregor and Fisher in terms of 
tensile data, some of which was original and some borrowed from the 
literature, and general agreement was observed for the materials and 
ranges of variables reported. ! 

For torsional test data the shearing strain-rate may be used and the 
absolute temperature T'r selected for use here is in terms of the Rankine 


scale. Thus, the shearing stress in torsion, according to this concept 
would be ; 


Vee i (lm, 7) (C4) 


and because of the approximate relationship of torque 7 to shearing 
stress 7, and of the shearing strain y to the angle of twist 0, this function 
can be rewritten as 
T = f(Tm, 9) (C5) 
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Table 2 
Sample Calculations 


Test No. 133, 75S-T Aluminum Alloy, Spec. No. 4-19 
2nd Speed (.005 shearing strain/sec), Room Temperature 


1. For converting deflections on oscillograph record to units for plotting, calibration constants are used. | 
For example: “ i 
Twist = 1.26 in. (deflection) X3.29 deg/in. = 
Torque = 1.21 in. (deflection) X 86.5 lb-in. ae 104.6 Ib-in. 
2. The strength properties, proportional limit, yield strength and modulus of rupture are computed froih ; 
the ordinary formula rt = Tc/J; for example: hae 
Tmax 19. -in. 5 
= = = 63,300 
OS A 0.00305 ins ~ © Uae 
3. The angle of twist corresponding to a 0.2 percent shear strain offset is found from the relation: y=c6/I | 
57.3 yl _ 57.3 X 0.002 X 1 i 
Solvi = = = 0.92 
Sa 4 C 0.2495/2 
4. The total energy absorbed, W, in the 1-in. gage length is equal to /T dé represented by the area under | 
the T vs @ curve. 
From Fig. 12, Area = 77.0 squares (by planimeter); thus 
77.0 X 20 deg X 20 lb-in. 


— = in.-lb 
H 57.3 deg/radian babe 
° en COmax 
5. The total shearing strain is equal to ay 
0.2495 & 173 a by: 
Y=3xixe73 0.377 in./in. 
A total strain — 0.377 in./in. 
6. The strain-rate (average) = fatalities 74.5 sec 
¥y = 0.00507 in./in./sec 
Table 3 
Static Tensile Properties of Metals Tested 
Yield Yield Yield Elonga- Reduc- 
Strength Point Point Ultimate tioninone tion of 
Specimen (0.2% off- (upper) (lower) Strength inch (4D) Area, 
Material Number set) psi psi psi psi percent percent 
SAE 1018 Steel 1-50 34,900 34,700 57 ,000 38.5 72.0 
1-81 41,200 39,800 68,200 35.0 67.7 
1-97 38,900 38,800 65,400 34.0 68.5 — 
Average ay Aieci 38,300 37,800 63 ,500 35.8 69.4 
SAE 4340 Steel 2550 yew geet 142,000 140,500 152,000 18.5 60.0 — 
2B) PR gt eee 142,800 140,000 152,000 18.0 58.6 
220%, Te eae 142,200 141,000 152,000 19.0 61.8 
Avenaga we 9. Bille: 142,300 140,500 152,000 18.5 60.1 
248S-T Aluminum 3-50 19: O00 o oat Ot kkic) ee ee ee 68,100 19.0 31.0 
Alloy 3-81 275200" (oe eee eee ee 67,400 20.0 33.5) 
3-97 AB B00 ed son iene eyes 66 ,600 22.0 32.0 
Average AL S200 et, rere: eee 67,700 20.3 32.2 
758-T Aluminum 4-50 683200 a's ES.aee he ee one 78,600 14.0 32.8 
Alloy 4-81 66,200 ae Rite A a See oe ee 77,400 15.0 31.8 
4-97 67, 600s) ear ke Ee eee 78,100 15.0 32.4 
Average STS00', Cade te alesse 78,000 14.7 32.38 
FS-1 Magnesium 5-112 28{000) <8 JY. cca een eke 40,700 15.0 35.6 
Alloy 5-113 28 500) > 4 Ee ar Oe est? 40,900 15.0 34.9 
5-114 28 600% — sir. ee Cee 40,800 16.0 35.6 
; Average 28,500)" bel. ro a ae 40,800 15.3 35.4 
Commercially- G=DO! Wat scr. fete 84,500 80,500 95,500 27.0 45.4 
Pure Titanium C-SI ts Gene 82,800 82,400 95,500 26.0 48.9 
RC-70 OO Toes ls ete 77,900 aes *300 91,000 27.0 52.4 
Amananery 0 ey 81,700 80,100 94,000 26.7 48.9 
Titanium Alloy 7-50 132,000 130,000 141,000 20.0 52.3 
RC-130B 7-81 134000 131,000 144,000 20.0 50.8 
7-96 133,100 132,900 143 ,000 20.0 48.0 
AVENIGE > OA Ine 132,700 131,300 142,700 20.0 50.4 
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